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Chapter 1 
Introduction 
Magnetic materials and magnetic devices play a major role in modern science and 
technology. Yet in the early 1980s thin-film magnetism was applied to higher-density 
nonvolatile random access memory [1,2]. A new path leading to the integration of magnetic 
devices into computer technology began to emerge with the discovery of the giant 
magnetoresistance (GMR) effect in the late 1980s by Fert's group [3] and Grünberg's group 
[4]. Their discovery, awarded with the Nobel Prize in Physics in 2007 [5], may be regarded as 
the first step in developing a completely new type of electronics, named magnetoelectronics 
(or spintronics). The use of the electron’s spin, not only its electrical charge is the 
characteristic of spintronics [6,7]. The GMR effect allowed for magnetic read heads of 
computer hard disks to be much more sensitive to changes in magnetic fields, which boosts 
storage capacity by allowing information to be stored in much smaller regions on the disks' 
surface. Nowadays, nearly all disk drives in computers incorporate GMR read heads [6,8]. 
More sophisticated storage technologies based on spintronics are already at an advanced 
stage: MRAM (magnetic random-access memory), a new type of computer memory which is 
nonvolatile and which has switching rates and a rewritability challenging those of 
conventional RAM memories is expected to be the next generation of RAM memories used in 
computers [9,10]. MRAM is based on an effect similar to GMR known as tunnel 
magnetoresistance (TMR) [11,12]. Spintronics is a rapidly emerging field of science and 
technology that will most likely have a significant impact on the future of all aspects of 
electronics.  
The GMR effect manifests itself in magnetic multilayered structures consisting of 
alternating thin ferromagnetic and non-ferromagnetic metallic layers [3,4]. A GMR device, 
such as the first spin valve proposed by IBM researchers [13], consists of two soft 
ferromagnetic layers separated by a non-ferromagnetic conductive layer. One of the two 
ferromagnetic layers is placed in contact with an antiferromagnetic layer and it is usually 
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being referred to as “pinned” ferromagnetic layer. The other ferromagnetic layer, usually 
named “free” ferromagnetic layer responds to a magnetic field, while the “pinned” 
ferromagnetic layer does not. When the magnetizations of the two ferromagnetic layers are 
oriented in parallel, conduction electrons pass between them more freely than when the 
magnetizations are aligned anti-parallel. Thus the resistance is lower in the parallel 
magnetization case than in the anti-parallel case [3,4]. The GMR effect describes the 
difference in the electrical resistance for parallel or antiparallel alignment of the 
magnetizations of the two ferromagnetic layers. The “pinned” ferromagnetic layer has its 
magnetization fixed in a certain direction due to the exchange interaction with the adjacent 
antiferromagnetic layer. This exchange interaction between a ferromagnetic and an 
antiferromagnetic layer is usually referred to as exchange bias [14,15]. It manifests itself in a 
shift and a broadening of the hysteresis loop of the ferromagnetic/antiferromagnetic bilayer, 
resulting in the pinning of the ferromagnetic layer magnetization. The direction of the 
“pinned” ferromagnetic layer magnetization is considered to be the reference direction in spin 
valve devices. On the other hand, the magnetization of the “free” ferromagnetic layer can be 
set (by magnetic field or spin-polarized current) either parallel or antiparallel with respect to 
the reference direction. Hence, the exchange bias effect is of fundamental importance in all 
devices containing spin valves with GMR or TMR.  
The topic of this thesis is the exchange bias effect between ferromagnetic and 
antiferromagnetic thin films. Despite numerous theoretical and experimental studies as well as 
technological applications the microscopic origin of the exchange bias effect is still a matter 
of ongoing debate. The exchange bias effect is considered to be a very complex phenomenon 
associated with poorly understood properties of the ferromagnetic/antiferromagnetic interface. 
The present thesis is an attempt to understand some features of the exchange bias between 
metallic ferromagnetic and antiferromagnetic thin films, such as those used in applications.  
An overview of exchange bias theory is given in chapter 2 of this thesis. The discovery 
and the main manifestations of the effect are introduced using a simple phenomenological 
model as well as the initial model proposed by Meiklejohn and Bean [14,15]. The most 
significant theoretical models for exchange bias are reviewed. Moreover, a detailed 
description of the Domain State model [16-18] which is used to explain most of the 
experimental data of this thesis is given at the end of chapter 2. 
The experimental techniques used for the preparation, structural and magnetic 
characterization of the samples discussed in this thesis are briefly summarized in chapter 3. A 
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short description of the Molecular Beam Epitaxy system which was used for preparing and 
characterizing most of the samples discussed in this thesis is presented.  
In chapter 4, a systematic and comprehensive study of the effects of nonmagnetic 
impurities (or dilution) in metallic antiferromagnets on exchange bias is presented. Two 
metallic antiferromagnets, FeMn and IrMn, with low and intermediate anisotropy, 
respectively have been investigated. Cu nonmagnetic defects have been chosen for both 
antiferromagnets. The exchange bias field of the ferromagnetic/antiferromagnetic bilayers and 
the thermoremanent magnetization of the sole antiferromagnetic layers are qualitatively 
compared with respect to various parameters, such as dilution in antiferromagnet, temperature 
or crystalline grain size in the antiferromagnet. For the first time, the Domain State model is 
adapted in order to account for the magnetic and structural properties of the metallic 
ferromagnetic/antiferromagnetic bilayers [19,20]. It is found that the adapted Domain State 
model can explain most of the experimental observations of the metallic 
ferromagnetic/antiferromagnetic bilayers.  
In chapter 5, some thermal relaxation effects in ferromagnetic/antiferromagnetic thin 
films are investigated. The emphasis is on the effects of the measurement parameters and the 
crystalline grain size on the blocking temperature distribution of polycrystalline 
ferromagnetic/antiferromagnetic bilayers. 
A novel comparison of the training effect and the temperature dependence of the 
exchange bias field and coercivity in epitaxial and polycrystalline 
ferromagnetic/antiferromagnetic metallic thin films is presented in chapter 6 of this thesis. 
Furthermore, for the first time in literature, the fraction of pinned uncompensated moments in 
the epitaxial and polycrystalline antiferromagnet FeMn is estimated [21].  
The exchange coupling between an amorphous ferromagnet (CoFeB) and a crystalline 
antiferromagnet (IrMn) is discussed in chapter 7. The emphasis is on the influence of 
crystalline ferromagnetic interlayers at the interface between the amorphous CoFeB and the 
crystalline IrMn on exchange bias. The effects of ultra-thin nonmagnetic spacer layers at the 
interface between NiFe and IrMn on exchange bias are also presented. The results concerning 
the exchange biasing of the amorphous ferromagnet CoFeB are used for inducing an 
additional source of anisotropy in spin valves with GMR and TMR. Magnetoresistance 
measurements of spin valves with two in plane orthogonal anisotropies show a linear 
dependence of resistance with respect to the applied magnetic field [22]. This dependence can 
be used in various magnetoresistive sensors. 
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Finally, the most significant results of this thesis are summarized in chapter 8.  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
  
 
Chapter 2 
Fundamentals of Exchange Bias 
2.1 Discovery and applications of the Exchange Bias effect 
 
In 1956, Meiklejohn and Bean reported [14,15]: “A new type of magnetic anisotropy 
has been discovered which is best described as an exchange anisotropy. This anisotropy is the 
result of an interaction between an antiferromagnetic material and a ferromagnetic material”. 
Since then, the exchange bias (EB) has become an integral part of modern magnetism with 
implications for basic research and for numerous device applications.  
The EB effect was observed in a variety of systems containing ferromagnetic 
(FM)/antiferromagnetic (AFM) interfaces, such as small particles [14,15,23], inhomogeneous 
materials [15,24], FM thin films on AFM single crystals [25,26] and thin films [24,27,28]. In 
addition to FM/AFM interfaces, exchange bias and related effects have also been observed in 
other types of interfaces, e.g. involving ferrimagnets (ferri): ferri/AFM [29], FM/ferri [30] or 
diluted magnetic semiconductors (DMS): DMS/AFM [31-34]. 
The EB effect manifests itself in a shift of the hysteresis loop of a FM/AFM system 
along the magnetic field axis. Its origin is related to the magnetic coupling across the common 
interface shared by the FM and the AFM.  
The discovery of Meiklejohn and Bean was initiated by the observation that the 
hysteresis loop below room temperature of Co particles embedded in their native 
antiferromagnetic oxide CoO was shifted along the field axis after cooling in a magnetic field. 
The particles could be considered to consist of a core of single-domain Co with a shell of 
AFM CoO. Hence, it was recognized that the magnetic interaction across the FM/AFM 
interface is essential in establishing the EB effect. Meiklejohn and Bean described how the 
exchange interaction across the interface between the FM Co and the AFM CoO could 
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produce the shifted hysteresis loop and several other unique manifestations of exchange 
anisotropy [15,23]. 
The hysteresis loops measured by Meiklejohn and Bean at 77 K on partially oxidized 
Co particles are shown in Fig. 2.1(a) [14,15]. The shifted loop (curve 1) was measured after 
cooling in a field of 10 kOe; the symmetric loop (curve 2) was measured after cooling in zero 
field. Meiklejohn and Bean showed that the loop shift can be explained by considering a 
unidirectional anisotropy energy term in the expression for the free energy at T = 0 K of a 
single-domain spherical particle [14,15]. In this assumption the single-domain spherical 
particle was considered to possess a uniaxial anisotropy with the easy axis oriented in the 
direction of the field H which was considered anti-parallel to the particle's magnetization, Ms. 
Hence, the free energy of the single-domain spherical particle was written as [15,35]: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1: (a) Hysteresis loops at 77 K of partially oxidized Co particles. Curve (1) shows the 
loop after field cooling in 10 kOe (the loop shift is 1600 Oe). Curve (2) shows the loop when 
cooled in zero field. (b) Torque curves on partially oxidized Co particles cooled in a magnetic 
field to 77 K. θ is the angle between the cooling field axis and the direction of the measuring 
field. Curves (a) and (b) in Fig. 2.1(b) are for counterclockwise and clockwise rotations, 
respectively. From Ref. [15]. 
(a) 
(b) 
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θθθ 21 sincoscos KKHMF us +−= , 
where θ is the angle between the easy axis direction and the direction of magnetization, and 
Ku and K1 are the unidirectional and uniaxial anisotropy energy constants, respectively. The 
solutions of this equation are readily expressed in terms of an effective field [15,35]: 
su MKHH /' −= , 
which gives the hysteresis loop displaced by Ku/Ms, on the H-axis. Thus, an explanation of the 
loop shift is equivalent to explaining the unidirectional anisotropy. 
In addition to the shift of the magnetization curve and the unidirectional anisotropy, 
Meiklejohn and Bean observed another effect when measuring the torque curves of their 
samples [14,15,23]. The torque curve of a Co/CoO sample measured at 77 K after field 
cooling is a function of sin θ, as shown in Fig. 2.1(b). This is different from the torque curve 
of Co particles which shows a uniaxial anisotropy (a function of sin 2θ) [14,15,23]. The sin θ 
torque curve is another signature of the unidirectional anisotropy induced in the FM layer. 
The experiments by Meiklejohn and Bean also revealed an appreciable hysteresis of the 
torque (see Fig. 2.1(b)), indicating that some irreversible changes of the magnetic state of the 
sample take place when rotating the sample in an external magnetic field. As the system did 
not display any rotational anisotropy when the AFM was in the paramagnetic state, this 
provided evidence for the coupling between the AFM CoO shell and the FM Co core. Such 
irreversible changes were suggested to occur in the AFM layer [14,15,23,36]. 
Applications of the EB effect were soon proposed after its discovery. For instance, 
surface-modified nanoparticles, such as oxidized FeCo nanoparticles exhibiting a coercivity 
enhancement were used as hard magnets [37]. Recently, it has been shown that milling 
permanent magnetic materials (e.g., SmCo5) with AFM materials (e.g., NiO) can improve 
their hard magnetic properties due to EB [38,39]. Powder exchange biased nanoparticles 
found applications in recording media [40] as well as in magnetic resonance imaging [41].  
In the last two decades, the development of “spintronics”, i.e., devices in which the 
spin degree of freedom has been added, holds the promise of non-volatility, higher speeds and 
reduced power consumption [7,42-45]. The main exponents for this spin based electronics are 
spin valves and magnetic tunnel junctions, in which the EB effect is used for pinning the 
magnetization of a ferromagnetic layer by coupling it to an AFM layer [12,13]. Spin valves 
and magnetic tunnel junctions are the main parts of read heads for computer hard disks 
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[46,47], magnetic random access memories (MRAM) [9,10,43], as well as of various 
magneto-resistive sensors [48-50].  
 Extensive theoretical and experimental research is being carried out to reveal the 
details of this effect. Many of the most relevant theoretical and experimental results 
concerning EB are summarized in the reviews by Nogués and Schuller [51], Berkowitz and 
Takano [35], Stamps [52], Kiwi [53], Nogués et al. [42] and Radu and Zabel [36]. 
 
2.2 Phenomenological model of EB 
 
Although the microscopic understanding of the EB effect is not yet fully understood, a 
simple phenomenological interpretation of the EB effect is usually used for explaining the 
shift of the FM hysteresis loop. This simple interpretation considers the microscopic magnetic 
state of the FM/AFM interface. Fig. 2.2 describes phenomenologically the appearance of EB 
in an FM/AFM bilayer. It is supposed that the critical temperatures of the FM and of the AFM 
should satisfy the condition: TC > TN, where TC is the Curie temperature of the FM layer and 
TN is the Néel temperature of the AFM layer. At a certain temperature T (TN < T < TC) the FM 
spins are aligned along the direction of the applied field, whereas the AFM spins remain 
randomly oriented in a paramagnetic state (see Fig 2.2-1)). The hysteresis curve of the FM is 
centered at zero, unaffected by the AFM. By cooling down the system below TN in the 
presence of a magnetic field strong enough to saturate the FM a phase transition (from the 
paramagnetic phase to the AFM phase) will occur in the AFM. Due to the exchange 
interaction at the interface between the FM and the AFM the first monolayer of the AFM will 
align parallel (or antiparallel) to the FM spins. The next monolayer of the AFM will align 
antiparallel to the previous AFM layer as to complete the AFM order, and so on (see Fig 2.2-
2)). The spins at the AFM interface are uncompensated, leading to a finite net magnetization 
of this AFM monolayer. It is assumed that both the FM and the AFM are in a single domain 
state and will remain in this state during the magnetization reversal process. When reversing 
the magnetic field, the FM spins will try to rotate in-plane towards the opposite direction. Due 
to the exchange coupling with the AFM spins, a bigger force and therefore a stronger external 
field is required to rotate the FM spins. In other words, the external field has to overcome the 
interfacial exchange coupling in order to reverse the orientation of the FM spins. As a result, 
the first coercive field of the hysteresis loop is larger than its value at T > TN, where the 
Chapter 2: Fundamentals of Exchange Bias 
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FM/AFM interaction is not active. On the way back from negative saturation to positive field 
values (Fig 2.2-4)), the FM spins require a smaller external field in order to rotate back to the 
initial direction (Fig 2.2-5)). A torque is acting on the FM spins for all other angles, except the  
 
 
 Fig. 2.2: Phenomenological model describing the shift of the hysteresis loop of an FM/AFM 
bilayer. Panel 1): The initial state showing the spin configuration at a temperature higher 
than the Néel temperature of the AFM but lower than the Curie temperature of the FM. The 
AFM layer is in a paramagnetic state while the FM layer is ordered. The magnetization curve 
of the bilayer (top-center) is centered on zero applied field. Panel 2): The spin configuration 
of the FM/AFM bilayer obtained after field cooling below the Néel temperature. The FM 
layer is coupled to the AFM layer. Panel 4): Saturated state of the FM/AFM bilayer at 
negative fields. Panel 3) and 5): The spin configuration in the FM/AFM bilayer during the 
reversal process, assuming that this takes place through in-plane rotations of the FM spins. 
The magnetization curve is displaced towards negative values of the applied field by the 
exchange bias field HEB. From Ref. [36]. 
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stable direction which is along the field cooling direction (unidirectional anisotropy). As a 
result, the magnetization curve is shifted to negative values of the applied magnetic field. This 
displacement of the center of the hysteresis loop is called exchange bias field HEB, and it is 
negative with respect to the orientation of the FM spins after field cooling (negative exchange 
bias). Additionally, an enhanced coercivity of the hysteresis loop of the FM/AFM bilayer 
above that of the isolated FM is also observed in experiments, which is however not explained 
by this simple phenomenological model. It should be noted that in this simple description the 
AFM spins are considered to be rigid and fixed to the field cooling direction during the entire 
reversal process. 
 
2.3 The Meiklejohn and Bean model 
 
The first theoretical approach developed to explain the EB effect was the model by 
Meiklejohn and Bean [15,23]. They proposed a model to account for the magnitude of the 
hysteresis shift of the FM/AFM systems. The following assumptions are made in the 
Meiklejohn and Bean model [15,36,51]: The FM is in a single domain state and rotates rigidly 
(as a whole); The AFM, having an in-plane uniaxial anisotropy, is also in a single domain 
state and the orientation of the AFM spins remains unchanged during the rotation of the FM 
spins; The FM/AFM interface is considered to be atomically smooth and the spins of the 
AFM interface layer are uncompensated (i.e., the net magnetization in the first layer of the 
AFM is different from zero); The exchange interaction across the FM/AFM interface is 
characterized by the interfacial exchange coupling energy per unit area, JEB. 
The Stoner-Wohlfarth model [54,55] was used for describing the coherent rotation of 
the magnetization vector of the FM. Fig. 2.3 shows the geometry of the vectors involved in 
the Meiklejohn and Bean model. H is the applied magnetic field, which makes an angle θ with 
respect to the field cooling direction denoted by θ = 0. KFM and KAFM are the uniaxial 
anisotropy directions of the FM and the AFM layer, respectively. They are assumed to be 
oriented parallel to the field cooling direction. MFM is the magnetization orientation of the FM 
spins during the magnetization reversal and β is the angle between magnetization vector MFM 
and the anisotropy direction of the FM layer. The angle β is variable during the magnetization 
reversal process. The hysteresis loop of the FM/AFM bilayer is measured along the direction  
Chapter 2: Fundamentals of Exchange Bias 
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 Fig. 2.3: Schematic view of the angles and vectors used in the Meiklejohn and Bean model.  
 
of cooling field i.e, at θ = 0. Under these assumptions the energy per unit area considering 
coherent rotation of magnetization can be written as [15,36,52]: 
)cos()(sin)cos( 20 βββθµ EBFMFMFMFMA JtKtHME −+−−= ,  (1) 
The interfacial exchange energy can be further expressed in terms of pair exchange 
interactions:  
∑=
ji
FM
j
AFM
iij SSJE
,
int ,     (2) 
where the summation includes all interactions within the range of the exchange coupling [36]. 
The stability condition  
0/ =∂∂ βAE ,      (3) 
has two types of solutions. One is: 
)]2/()[(cos 0
1
FMFMFMEB KtHMJ µβ −= −   for FMEBFMFM KJtHM 20 ≤−µ ;      (4) 
 the other one is 
 πβ ,0=   for FMEBFMFM KJtHM 20 ≥−µ ,    (5) 
corresponding to positive and negative saturation, respectively. The coercive fields HC1 and 
HC2 are extracted form the stability equation above for β = 0, π: 
KAFM, KFM 
MFM 
H 
β 
θ 
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FMFM
EBFMFM
C tM
JtKH
0
1
2
µ
+−=      (6) 
 
FMFM
EBFMFM
C tM
JtKH
0
2
2
µ
−=      (7) 
The coercive field HC of the loop and the EB field HEB can be calculated according to: 
2
21 CC
C
HHH +−=  and 
2
21 CC
EB
HHH += ,   (8) 
which further gives: 
FM
FM
C M
KH
0
2
µ=      (9) 
FMFM
EB
EB tM
JH
0µ−=     (10) 
Equation 10 gives the expression of the EB field according to the Meiklejohn and Bean 
model. It gives the expected characteristics of the hysteresis loop for an ideal case. Equation 
10 predicts that the sign of the exchange bias is negative with respect to the cooling field 
direction. Almost all hysteresis loops shown in the literature are shifted oppositely to the field 
cooling direction. There are, however, exceptions which will be discussed later in this 
chapter. Positive exchange bias was observed for instance in CoO/Co, FexZn1-xF2/Co and   
Cu1-xMnx/Co bilayers when the measurement temperature was close to the blocking 
temperature [56-58]. Further experimental and theoretical details of the positive EB 
mechanism can be found in Refs. [59,60].  
Although this model gives a good basic view of EB it should be taken with caution. 
First, this model predicts a loop shift which is often several orders of magnitude larger than 
experimentally observed in most thin film systems [51-53,61-64], although in some cases 
better agreement is found [65-67]. Second, the model neglects many parameters which have 
been shown to be important in EB, such as AFM or FM domains, interface roughness or AFM 
spin structure. It has also been experimentally proven that many of the logical consequences 
of this model, e.g., HEB = 0 for compensated AFM surfaces (i.e., zero net AFM surface 
moment) [67-69] or HEB always negative [70-72] are not necessarily true. Moreover, 
according to Eq. 9 the coercivity of the magnetic layer is the same with and without exchange 
bias effect. This is in contrast to most experimental observations, where usually an increase of 
the coercivity is observed [73-75].  
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The existence of the EB effects is closely linked to the magnetic order of the AFM 
[42]. Hence, as the temperature is increased and the Néel temperature TN of the AFM is 
reached the EB effect disappears. On the contrary, it is often observed, especially in 
nanostructured systems, that the EB disappears at temperatures far below TN. The temperature 
at which the EB field becomes zero, HEB = 0, is usually denoted as blocking temperature, TB. 
Although the blocking temperature has been correlated with finite size effects in the AFM 
[76,77] (i.e., the decrease of TN due to size reduction [78]), it has been recently demonstrated 
that this effect can be rather complex [79]. In high quality thin film systems with thick AFM 
layers TB ≈ TN is often observed, while other systems with very thin or polycrystalline AFM 
layers tend to have TB < TN (e.g., a decrease of TB with smaller grain size has been reported 
for some systems [19,20,80]). These aspects will be discussed later in this chapter.  
Another important property of EB systems is the existence of a so-called training 
effect. This effect comprises the reduction of HEB and HC with consecutive hysteresis loops at 
a fixed temperature: HEB(1st loop) > HEB(2nd loop) >· · ·> HEB(nth loop). It has been suggested 
that two types of training effect are present in EB systems [42], one between the first and 
second loop and another one involving subsequent higher number of loops [81]. The first type 
of training effect has been proposed to arise from the AFM magnetic symmetry [82]. For the 
second type of training effect, it has been demonstrated experimentally that, in thin film 
systems, the reduction of HEB is proportional to the number of loops HEB ~ (n)−1/2 (for n > 2), 
where n is the number of loops carried out [17,83,84]. This second type of training has been 
suggested to arise from the reconfiguration of the AFM moments or domains during the field 
cycling [18,21,57,85]. Moreover, it is generally accepted that systems with thin AFM layers 
or small AFM grains exhibit much larger training effects [85,86]. However, training has also 
been observed in some systems based on AFM single crystals with low AFM anisotropy 
[18,21,87,88], suggesting that other factors apart from the microstructure play a role in the 
training effect.  
 
2.4 Short review of other EB models 
 
In the following we will give a brief review of some existing theories for EB and 
related phenomena. According to Coehoorn’s [63] as well as Nogués’s [42] classification, the 
EB models can be divided into three categories: macroscopic, mesoscopic and microscopic 
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with respect to the lateral length scales. Other types of models such as those based on the 
propagation of spin waves or more complex quantum mechanical effects [59,89,90] are not 
discussed in the following.  
 
2.4.1 Macroscopic models 
 
The EB models which do not consider the lateral magnetic structure of the FM and 
AFM layers are referred to as macroscopic models. In other words, within the macroscopic 
models the FM and AFM layers are considered to be homogeneous in the x–y plane. Usually 
the spins of the AFM interfacial layer are assumed to be uncompensated and to lay parallel to 
the interface plane. In some of the models which are included in this category the detailed 
spin structure in the z-direction of the FM and/or the AFM is actually considered. However, 
since no lateral effects, i.e., variations in the spin structure in the x–y plane, are taken into 
account, they are not treated as mesoscopic or microscopic.  
The first theoretical approach developed to explain EB is the model by Meiklejohn 
and Bean [15,23] described above, in section 2.3. An important modification to this model 
was proposed by Néel [91,92].  
The main novel feature of Néel’s model was the introduction of the concept of partial 
domain walls for reducing the shift of the hysteresis loop. In this model it is considered that 
when the field is reversed, instead of having a sharp magnetic interface, a domain wall, or a 
partial domain wall, forms either in the FM or in the AFM parallel to the FM/AFM interface. 
Néel’s model predicts that a minimum AFM thickness is required to produce hysteresis shift. 
More recently, other EB models have been developed following the idea of Néel model. e.g., 
in the work of Mauri et al. [93], Kiwi et al. [94,95], Geshev [96], or Kim et al. [97,98].  
The model of Kim and Stamps [97-99] is based on the concept of a partial domain 
wall in the AFM. This model can be applied to FM/AFM systems with compensated, partially 
compensated, and uncompensated interfaces. Bi-quadratic (spin-flop) and bilinear coupling 
energies are used for determining the EB field. Within the model of Kim and Stamps a typical 
magnetization reversal curve of an FM layer exchange coupled to an AFM layer is shown in 
Fig. 2.4. Starting from positive saturation with an assumed antiparallel interfacial coupling the 
field is reduced and reversed. When it is energetically more favorable to deform the AFM, 
rather than breaking the interfacial coupling, a partial domain wall twists up in the AFM as 
the FM rotates. The winding and unwinding of the partial domain wall is reversible. Hence, 
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the magnetization is reversible. This mechanism is only possible if the AFM is thick enough 
to support a partial domain wall. The magnitude of the EB field is similar to the one given by 
the Mauri model [93]. In the strong interface coupling limit this is given by:  
FMFMAFMAFMEB tMAKH /∝ , 
leading to a correct quantitative estimation of the EB field. Here, AAFM is the exchange 
stiffness of the AFM, KAFM is the anisotropy constant of the AFM, MFM and tFM are the 
magnetization and the thickness of the FM layer, respectively. Neither the partial domain wall 
theory nor the Mauri model accounts for the coercivity enhancement that accompanies the 
hysteresis loop shift. However, Kim and Stamps [98,99] suggest that the enhanced coercivity 
observed experimentally is related to the domain wall pinning at magnetic defects. The 
presence of an attractive domain-wall potential in the AFM layer, arising from magnetic 
impurities can provide an energy barrier for domain-wall processes that controls coercivity. 
Additionally, the authors examined the influence of a pointlike impurity at an arbitrary 
position in the AFM layer [98]. As a result, the AFM energy acquires, besides the domain  
 
 
Fig. 2.4: (a) Magnetization curve for the FM/AFM system. (b) Calculated spin structure at 
three different points of the magnetization curve. The creation of a partial AFM domain wall 
can be seen in (iii). Only the spins close to the FM/AFM interface are shown.  
From Ref. [98]. 
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wall energy, another term which depends on the concentration of the magnetic defects. These 
defects decrease the anisotropy locally and lead to an overall reduction of the AFM energy. 
This reduction of the AFM energy gives rise to a local energy minimum for certain defect 
positions relative to the interface. The domain walls can be pinned at such positions and 
contribute to the coercivity. Kim and Stamps also argued that irreversible rotations of the FM 
due to a combination of wall pinning and depinning transitions, give rise to asymmetric 
hysteresis loops. Moreover, the energy barrier between wall pinning and release increases 
with defect concentration, resulting in a larger coercivity and reduced bias [98]. 
In order to explain various experimental observations, many variations of this type of 
macroscopic models combining the different energy terms or introducing new ones, such as 
higher-order anisotropy terms or perpendicular coupling, have been reported in literature 
[66,100-102].   
 
2.4.2 Mesoscopic models 
 
The mesoscopic models for EB are those EB models that take into account the 
possibility of differences in the spin configuration in the x–y plane [42]. One of the first 
models which include some lateral spin distributions was introduced by Kouvel [103]. The 
model establishes the possibility of domains in the AFM. Although the model was designed 
for inhomogeneous alloys, such as CuMn alloys the ideas developed could be extrapolated to 
thin film systems.  
Another major contribution to mesoscopic models was made by Fulcomer and Charap, 
who considered the effects of grain size distribution on EB [104,105]. The model of Fulcomer 
and Charap is based on AFM grains distributed in size. The AFM grains are mutually 
uncoupled, but coupled to the FM. The novel approach of this model is to recognize that 
different grains can couple differently to the FM and that small AFM grains will tend to be 
superparamagnetic. The authors assumed that the AFM is a collection of “single-domain” 
grains, in which all the spins are switching collectively by coherent rotations. The AFM 
grains were assumed to possess a temperature independent uncompensated interfacial moment 
due to the different contribution of the AFM sublattices to the FM/AFM interface. This model 
predicts a maximum in coercivity near the blocking temperature.  
More recently, models based on different properties of AFM grains (e.g., distribution 
of the number of uncompensated spins, of the direction of easy axes, of the AFM anisotropies 
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or of the FM/AFM interface coupling strength) [106-108] or different degrees of coupling 
between AFM grains [109] have been developed. More sophisticated models based on similar 
ideas, which include the possibility of other effects such as partial domain walls in the AFM 
or perpendicular coupling inside the AFM grains, are becoming the basis for exchange bias 
models in polycrystalline FM/AFM systems. For example, Stiles and McMichael [110] 
consider the AFM layer as constituted by an ensemble of crystallites with different sizes and 
different AFM anisotropy directions. They show that, in these systems, those AFM grains 
with large FM/AFM direct coupling constants and easy axes closer to the field cooling 
direction will not easily switch their magnetization during reversal of the FM, hence 
contributing to EB. Conversely, similar AFM grains with strong exchange coupling and easy 
axes oriented at a certain angle beyond a critical angle from the FM easy axis, will switch 
together with the FM, contributing to the enhancement of HC. Additionally, those grains with 
weak direct coupling constant will not strongly contribute either to HEB or to HC. This model 
is particularly suitable to explain the widespread results in FM/AFM fine particle 
nanocomposites, where different microstructures may contribute to different observed effects 
[110]. 
The main example of mesoscopic models is probably the Malozemoff’s model [111-
113]. The model, based on the ideas of Imry and Ma [114] and Meiklejohn and Bean [15,23], 
includes the possibility of a not perfectly flat FM/AFM interface. The interface roughness (or 
other defects) produces a random field, which leads to the break up of the AFM into domains 
with domain walls perpendicular to the interface and sizes roughly given by AFMAFM KA /π . 
The imbalance of AFM moments, due to statistical reasons, at the surface of these domains 
generates uncompensated moments that couple to the FM, resulting in EB. This model is able 
to estimate the right order of magnitude for the exchange bias interaction but it does not take 
into account the effects of thermal relaxation on the AFM spin structure. Moreover, the cost 
of energy for establishing domain walls perpendicular to the FM/AFM interface was not 
discussed in detail.  
More recently models based on Malozemoff AFM domain formation have been 
developed to address other phenomena such as coercivity enhancement [60,115]. 
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2.4.3 Microscopic models 
 
Microscopic models are those that take into account the detailed spin configuration of 
each atom (or groups of atoms) in the volume of the system, i.e., in the x, y, and z directions 
[42]. There exist several approaches to this type of models: Monte Carlo simulations, 
micromagnetic calculations and different types of spin lattice models [99,116]. In the latter 
case, although the spin structures are considered, different kinds of approximations are 
developed in order to simplify the search of the spin configurations with minimum energy. 
Note that although microscopic models take into account the spin structure of the AFM, most 
of the models use the simplest type of uniaxial AFM. 
Using micromagnetic calculations, Koon found that the configuration corresponding to 
minimum energy for a compensated FM/AFM interface is with the FM and AFM spins 
perpendicular to each other [116]. This perpendicular orientation of the FM spins with respect 
to the AFM ones was later experimentally proven [117,118]. In his model, Koon introduced a 
new term in the energy equation to account for spin–flop like coupling [116]. Actually, this 
effect is now often implemented in macroscopic models. It has been demonstrated that this 
spin arrangement does not give rise to EB but nevertheless, it does account for coercivity 
enhancement in some systems [119]. 
Schulthess and Butler have shown that Koon’s perpendicular coupling, together with 
uncompensated spins (similar to Malozemoff or Takano et al. suggestions [106,112]) can 
simultaneously explain the loop shift and coercivity enhancement encountered in FM/AFM 
bilayers [119]. 
Miltényi, Nowak, Misra, Beckmann et al. [16,17,84,120-123] used Monte Carlo 
simulations at finite temperatures to study a FM/AFM bilayers with defects in the bulk of the 
AFM, i.e., not necessarily at the interface. They found that the formation of domains in the 
bulk of the AFM, perpendicular to the FM/AFM interface gives rise to uncompensated spins 
at the interface, which are responsible for the hysteresis loop shift. They also showed that 
increasing the number of defects, within certain limits, increases the number of AFM 
domains, leading to larger EB [16,17,84,120-123]. This model is called the domain state 
model. 
Suess et al. have developed a model based on perpendicular coupling and randomly 
distributed, exchange coupled, AFM grains. The origin of exchange bias is found to be in the 
energy stored in the domain walls between AFM grains with different orientations [124]. 
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Lederman et al. have recently reported that if the FM layer couples differently to each 
of the two AFM sublattices, it should give rise to EB. Actually, using this simple concept 
many of the experimentally observed effects in FM/FeF2 bilayers can be explained [125]. 
As shown above, some microscopic models actually lead either to mesoscopic effects 
or have imposed mesoscopic effects, such as the formation of AFM domains. One of the 
microscopic models, namely the domain state model is discussed in detail in the next section. 
 
2.5 Domain state model 
 
A significant part of the experimental data presented in this thesis is explained on the 
basis of the domain state (DS) model. Therefore, a detailed presentation of this model is 
necessary. As mentioned above, the DS model is a microscopic model using Monte Carlo 
simulations at finite temperature for describing the EB properties of FM/AFM systems with 
nonmagnetic defects in the bulk of the AFM. The replacement of magnetic atoms in the AFM 
by nonmagnetic ones or by defects will be referred to as dilution in the following.  
 Typical EB systems in which the AFM has a large anisotropy are CoO and FeF2. 
Nowak et al. [17,84,126], Miltényi et al. [16], Keller et al. [18], and Misra et al. [120] took 
the high anisotropy AMFs used in EB systems as a motivation for modeling the AFM as an 
Ising system which, from a numerical point of view, is an ideal candidate to study basic 
properties of EB. The DS model links the physics of diluted antiferromagnets in an external 
field to the coupling mechanisms of exchange-coupled magnetic layers. For that reason, 
before discussing the details of the DS model, we give in the next section a brief review of the 
physics of domains in diluted Ising antiferromagnets in an external field (DAFF).  
 
2.5.1 Domains in disordered antiferromagnets 
 
The DAFF is an ideal system to study typical properties of structurally disordered 
systems [127,128]. Additionally, many of the findings of the DAFF are also relevant for the 
random-field Ising model (RFIM) which has been shown to be in the same universality class 
[129]. The Hamiltonian of the DAFF can be written as: 
∑ ∑
〉〈
−−=
ji i
iijijiAFM BJH
,
σεµσσεε     (1) 
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Here, JAFM is the antiferromagnetic nearest-neighbor exchange constant which has a negative 
value and B is the applied magnetic field. The 1±=iσ  are normalized Ising spin variables 
representing spins with an atomic moment µ. In Eq. (1) iε  and jε  are two factors which 
account for the occupation of the lattice sites with magnetic or nonmagnetic atoms. Hence, for 
a dilution p in the AFM, a fraction p of sites is left without a magnetic moment ( 0=iε ) while 
the other sites carry a moment ( 1=iε ). In the simulations, the defect distribution was chosen 
randomly and an average over different realizations was performed [17,120]. This simulates 
materials where magnetic ions are randomly substituted by nonmagnetic ones. 
Figure 2.5 illustrates the phase diagram of a three-dimensional DAFF. According to 
Nowak et al. [17], in zero field, the system undergoes a phase transition from the disordered, 
paramagnetic phase to the long-range-ordered AFM phase at the dilution-dependent Néel 
temperature TN. The phase transition can occur as long as the dilution p is small enough so 
that the lattice of occupied sites is above the percolation threshold. In the low-temperature 
 
 
Fig. 2.5: Schematic phase diagram of a three-dimensional DAFF. From Ref [17] 
 
region, for small magnetic fields, µB < 1, the long-range-ordered phase remains stable in three  
dimensions [130,131] while for higher fields the DAFF develops a DS [126,132] with a spin-
glass-like behavior. The reason for the domain formation was originally investigated by Imry 
and Ma for the RFIM [114].  
If one transfers the so-called Imry-Ma argument to the DAFF, the driving force for the 
domain formation is a statistical imbalance of the number of impurities of the two 
antiferromagnetic sublattices within any finite region of the DAFF [17]. This imbalance leads 
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to a net magnetization within that region which couples to the external field. A spin reversal 
of the region, i.e., the creation of a domain, can hence lower the energy of the system. The 
necessary energy increase due to the formation of a domain wall can be minimized if the 
domain wall passes preferentially through nonmagnetic defects at a minimum cost of 
exchange energy [17]. Hence, these domains have nontrivial shapes following from an energy 
optimization. They have been shown to have a fractal structure with a broad distribution of 
domain sizes and with scaling laws quantitatively deviating from the original Imry-Ma 
assumption [17,133,134].   
Fig. 2.6 illustrates schematically a spin configuration according to the Imry-Ma 
argument. The black dots denote defects (nonmagnetic ions or vacancies) and the solid line 
surrounds a domain in which the staggered magnetization is reversed with respect to the 
background staggered magnetization outside this domain. There are three uncompensated 
spins belonging to the AFM domain. They are sourrounded by a rectangle in Fig. 2.6. There 
are also five broken bonds at the domain boundary which are indicated by the dashed ellipses 
in Fig. 2.6. Therefore, for µB > 5/3|JAFM| the shown spin configuration is stabilized by the 
field. In small fields the equilibrium phase of the three-dimensional DAFF is long-range 
ordered. However, if cooled in a field B below a certain temperature Ti(B), the system usually 
develops metastable domains [135]. The reason for this metastability is a strong pinning  
 
 
Fig. 2.6: Schematic illustration of the Imry-Ma argument. From Ref. [17] 
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which hinders domain-wall motion. These pinning effects are due to the dilution (random-
bond pinning) as well as to the fact that a rough domain wall also carries magnetization in a 
DAFF (following again the Imry-Ma argument) which couples to the external field and 
hinders domain-wall motion (random-field pinning) [17,136]. Consequently, after cooling the 
system from the paramagnetic phase in an external field a DAFF freezes in a metastable DS 
which survives even after switching off the field. This leads to a remanent magnetization 
which decays extremely slowly [137,138]. 
Fig. 2.6 shows also the origin of domain-wall pinning. If the magnetic field is lowered 
so that µB changes from above to below 5/3|JAFM| it is energetically favorable to turn the 
whole domain. The dynamical process corresponding to turn the whole domain will be 
extremely slow, since the domain wall is pinned at the defects as well as between pairs of 
spins which are aligned with the field. Hence, during a movement of the domain-wall, energy 
barriers have to be overcome by thermal activation [17]. For T < Ti(B) irreversibilities can be 
observed in a DAFF, as is also shown in Fig. 2.5 [126,139]. During field cooling from the 
paramagnetic state, the DAFF develops a DS with a certain surplus magnetization as 
compared to the long-range-ordered state which has also a finite magnetization due to the 
response of the system to the field [17]. The difference between these two magnetization 
curves is the irreversible surplus magnetization stemming from the DS of the DAFF. 
The schematic phase diagram of the three-dimensional DAFF (shown in Fig. 2.5) 
reviews the considerations discussed above. The phase diagram contains the equilibrium 
phases: long-range ordered (AFM) and paramagnetic, as well as the irreversibility line Ti(B). 
During field cooling below this line the system develops a frozen DS. Both the critical 
temperature Tc and the characteristic temperature Ti are field dependent. Moreover, for Ti(B) > 
Tc(B) and small magnetic fields both these temperatures approach the Néel temperature of the 
AFM. The critical temperature decreases with increasing the dilution p [17]. 
The properties of the DAFF form the basis of the DS model and the key for 
understanding EB. After preparation of an EB system, the AFM is cooled in an external 
magnetic field and additionally under the influence of an effective interface exchange field 
stemming from the magnetized FM. Hence, the AFM will develop a DS with an irreversible 
surplus magnetization similar to that of a DAFF after field cooling [17]. This irreversible 
surplus magnetization then controls the EB.   
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2.5.2 Domain state model for Exchange Bias 
 
The DS model was initially developed for explaining the EB properties of the Co/CoO 
system in which the high anisotropy and epitaxial AFM (CoO) was diluted in its volume part 
with either Mg atoms or O atoms (overoxidation of CoO) [16]. The model was designed for a 
system consisting of a FM monolayer exchange coupled to a diluted AFM. A sketch of the 
system used in simulations is shown in Fig. 2.7. Within the DS model the FM was described 
by a classical Heisenberg model with nearest-neighbor exchange constant JFM. The z axis was 
usually considered to be the easy axis of the FM. The dipolar interaction was approximated by 
an additional anisotropy term which includes the shape anisotropy (along the x direction). As 
a result of these two anisotropy directions the magnetization is preferentially in the y-z plane. 
The AFM was modeled as a magnetically diluted Ising system with an easy axis 
parallel to that of the FM. The Hamiltonian of the FM/AFM system used in simulations was 
[17]: 
∑
∑∑
∑ ∑
〉∈∈〈
∈∈〉〈
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   (2) 
The first line of Eq. (2) contains the energy contribution of the FM. The second line 
describes the diluted AFM and is identical to Eq. (1). The third line includes the exchange 
coupling across the interface between FM and AFM, under the assumption that the Ising spins 
in the topmost layer of the AFM interact with the z component of the Heisenberg spins of the 
 
 
Fig. 2.7: Sketch of a FM/AFM bilayer used in the DS model. The dots mark the defects in the 
AFM. From Ref. [17] 
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FM [17]. The nearest-neighbor exchange constant JAFM of the AFM was chosen to be             
JAFM = -JFM/2. The same absolute value for the coupling constant JINT as for the AFM       
(JINT = |JAFM|) were considered in the model. In the simulations, the interface monolayer of 
the AFM was fixed at a dilution of 50% and the dilution p was varied only in the volume of 
the AFM [17]. Assuming that all spins in the FM remain parallel during the field reversal and 
that some net magnetization of the interface layer of the AFM remains constant during the 
reversal of the FM, the estimated exchange bias field is given by: 
lµBEB = JINTmINT,     (3) 
where l is the number of FM layers and mINT is the interface magnetization of the AFM per 
spin. For an ideal uncompensated interface mINT = 1 which leads to a much too high bias field. 
On the other hand, for an ideal compensated interface mINT = 0 and, hence, BEB = 0 [17]. 
Experimentally, it has been shown that no significant difference in the strength of the EB field 
occurs between compensated and uncompensated interfaces [27,140]. Moreover, BEB was 
usually found to be much smaller than JINT/lµ. Within the DS model mINT is considered to be 
neither constant during field reversal nor a simple known quantity [17,120]. 
Experimentally, Miltényi et al. [16] and Keller et al. [18] studied the EB properties of 
the epitaxially grown Co/CoO EB system. The high anisotropy AFM CoO was intentionally 
diluted by introducing nonmagnetic substitutions (Co1-xMgxO) or Co deficiencies (Co1-yO) 
away from the interface throughout the volume part of the AFM layer. For all samples a    
0.4-nm-thick CoO layer with minimum defect concentration was placed at the interface. This 
endured identical FM/AFM interfaces for all samples, independent of the dilution of the 
following AFM layer [16,18]. 
 
Hysteresis 
 
In simulations the system was cooled from above to below the ordering temperature of 
the AFM. The FM was initially magnetized along the easy (z) axis. The system was either 
cooled in zero field or in the presence of an external magnetic field (cooling field) oriented 
along the z direction (easy axis of the FM). The cooling field also acts on the volume part of 
the AFM. In simulations, the magnetic field is used in reduced dimension, b = µB/|JINT|.  
Hysteresis loops for both the FM and the AFM layer under the above mentioned 
hypotheses and assuming a positive interface coupling were simulated. Figure 2.8 shows these 
results for the magnetization of the FM (upper figure) as well as that of the AFM interface 
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monolayer and the sum of all the other AFM layers. For the latter, the term “volume part of 
the AFM” is used to distinguish between interface and volume contributions of the AFM. 
From Fig. 2.8 one can see that the hysteresis loop of the FM is shifted along the field axis 
showing a negative EB field bEB which is calculated as bEB = (b+ + b-)/2. Here b+ + b- are those 
fields of the hysteresis loop branches for increasing and decreasing fields, where the easy axis 
component of the FM magnetization becomes zero (see Fig. 2.8). One can also observe that 
the magnetization curve of the volume part of the AFM is shifted upwards. According to the 
DS model this is due to the fact that after field cooling the AFM is in a DS with a surplus 
magnetization [17]. During the field cooling process the interface layer of the AFM 
experiences the external field in addition to the exchange field of the FM. This results in a 
vertical shift of the AFM interface layer magnetization. This shifted interface magnetization 
of the AFM acts as an additional effective field on the FM, resulting in EB. Figure 2.8 also 
shows that the magnetization of the AFM interface layer exhibits a hysteresis.  
 
 
Fig. 2.8: Simulated hysteresis loops with the DS model for positive interface coupling and 
JINT = |JAFM|. Shown is the magnetic moment of the FM, the interface monolayer of the AFM, 
and the volume part of the AFM. From Ref. [17] 
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For an EB system with negative interface coupling (JINT = JAFM) and cooled in zero 
field the interface magnetization of the AFM is shifted downwards due to the fact that the 
exchange coupling to the FM is negative [17]. Hence, the interface contribution depends on 
the sign of the interface coupling [141]. Moreover, the volume magnetization of the AFM is 
not shifted after zero-field cooling due to the fact that the exchange field of the FM was 
considered to act only on the interfacial AFM layer. 
Within the DS model the quantity mIDS is called the irreversible DS magnetization. 
This quantity characterizes the vertical shift of the hysteresis loop of the AFM interface layer. 
mIDS is defined as mIDS = mAFM(b+) + mAFM(b-), where mAFM(b+) denotes the magnetization of 
the AFM interface layer at b+ for increasing field and similarly for mAFM(b-). Within the DS 
model, mIDS is responsible for the EB field. For correct quantitative estimations of the EB 
field one has to use mIDS instead of mAFM in Eq. (3). The reversible part of mAFM rotates 
simultaneously with the FM and is responsible for the enhanced coercivity. 
In experiments usually the magnetization of the whole FM/AFM bilayer is measured 
which is just the sum of the three curves shown in Fig. 2.8. The corresponding bilayer 
magnetization loop might not only be shifted horizontally but also vertically. The vertical 
shift contains contributions from the volume part of the AFM as well as from its interface. 
Keller et al. [18] have shown that although the vertical shift of the FM/AFM hysteresis loop 
does not equal mIDS of the AFM interface layer, a striking qualitative agreement exists 
between the EB field and the vertical shift of the FM/AFM hysteresis loop.  
In chapters 4 and 6 of this thesis, the correlation between the vertical shift of the 
hysteresis loop of a FM/AFM bilayer and the total magnetization of a sole AFM is presented 
for metallic systems containing the AFMs FeMn and IrMn with different Cu dilutions.  
 
Influence of dilution 
 
Within the DS model the dilution dependence of EB was investigated by varying the 
volume part dilution p of the AFM while keeping the dilution of the interface layer fixed. The 
results of simulations for different dilutions in the volume of the AFM at different 
temperatures are shown in Fig. 2.9(a). The EB field bEB is found to depend strongly on 
dilution. Besides, dilution favors the formation of domains in the AFM leading to an 
enhanced AFM magnetization and thus to a strong increase of bEB upon dilution. On the other 
hand, for larger dilutions bEB drops due to the loss of connectivity of the AFM spin lattice and  
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Fig. 2.9: (a) Simulated EB field bEB as a function of the dilution p in the AFM (from Ref. [17]) 
and (b) Experimental dependence of the EB field BEB of the Co/Co1-xMgxO as a function of the 
Mg dilution in the AFM CoO (from Ref. [18]). 
 
a corresponding decrease of the Néel temperature. Isolated spin clusters appear which do not 
contribute to an AFM net magnetization on longer-time scales leading to a decrease of bEB for 
very high dilution. 
Experimentally, a similar dilution dependence as that obtained from simulations was 
found for the EB field of the system Co/Co1-xMgxO [16,18]. The EB field was found to 
increase with Mg dilution up to a temperature dependent maximum and then to decrease at  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.10: Frozen domain states of the AFM. Staggered spin configurations of the AFM after 
the initial cooling procedure are shown for dilution p = 0.5 (a) and p = 0.3 (b). 
From Ref. [17] 
(a)
(b)
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larger Mg concentrations in the AFM CoO [18]. This is shown in Fig. 2.9(b). Similar results 
were observed for the case of Co-deficient Co/Co1-yO bilayers [16,18].  
For very small dilutions the DS model shows only a very small bEB. Although in the 
simulations an interface AFM monolayer with a 50% dilution was considered [17], domains 
are practically not formed in the volume of the AFM for very small dilution. This is due to the 
fact that a domain in the volume part of the AFM would require breaking AFM bonds which 
costs too much energy. On the other hand, in the experiments on Co/CoO [16,18] EB was 
observed even for zero dilution (see Fig. 2.9(b)). This was explained by taking into account 
other imperfections in the crystal lattice such as e.g., grain boundaries in the twinned AFM 
layer. Similar to dilution, they reduce the domain-wall energy, thus leading to domain 
formation and EB even without dilution of the AFM bulk [17,18]. 
Figure 2.10 shows two frozen domain states formed in the AFM for two different 
values of the dilution (p = 0.5 in (a) and p = 0.3 in (b)). One can see an obvious fractal 
structure of these domains, which are formed after field cooling of the AFM. The AFM 
domains are represented by bright and dark colors in Fig. 2.10. They are delimited either by 
nonmagnetic defects or by parallel alignment of the magnetic moments. From Fig. 2.10 one 
can observe that the structure of these domains depends on dilution; the smaller the dilution, 
the coarser the domains. 
 
Temperature dependence 
 
Figure 2.11 shows the simulated (a) and experimental (b) temperature dependence of the EB 
field for an optimum dilution in the AFM. The optimum dilution corresponds to the dilution at 
which the EB field is maximal. Both in simulation and experiment the EB field decreases with 
temperature almost linearly before vanishing at a temperature TB of the order of the Néel 
temperature. TB is called the blocking temperature and is usually not equal to the Néel 
temperature of the bulk AFM. The decrease of EB field with temperature is described by the 
DS model as follows: A metastable domain state is frozen at low temperatures after field 
cooling, which inhibits domain-wall motion. Thermally activated domain-wall motion 
becomes more favorable at elevated temperatures, which leads to a reduction of mIDS and thus 
to a decrease of the EB field.  
Experimentally it was observed for many EB systems that TB is smaller than the Néel 
temperature of the bulk AFM. Within the DS model this can be explained by considering the 
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Fig. 2.11: Simulated (a) and experimental (b) temperature dependence of the EB field for an 
optimum dilution (50% in simulations and 25% in the experiment of Co/Co1-xMgxO) in the 
AFM. From Ref. [17] and [18], respectively. 
 
phase diagram of the DAFF (Fig. 2.5). A frozen DS in the AFM occurs after cooling in a field 
below the irreversibility temperature Ti(b). The blocking temperature corresponds to Ti(b) 
where in an EB system the role of the cooling field is complemented (or replaced) by the 
interface exchange field of the FM. Since Ti(b) < TN the blocking temperature should be 
below the Néel temperature and should be dependent on the strength of the interface exchange 
field. Experimentally it was found that TB of the Co/Co1-xMgxO decreases linearly with 
increasing dilution [18]. Moreover, for many EB systems TB depends upon the thickness of 
the AFM layer, being usually smaller for thinner films.  
 
Training effect 
 
Most EB systems show a reduction of the EB shift upon subsequent magnetization 
reversals of the FM layer which is known as the training effect [36,51]. In Fig. 2.12(a) typical 
magnetization reversals corresponding to the first and 51st hysteresis loops of Co/Co1-xMgxO 
for x = 0.5 are shown [18]. One can observe a reduction of both EB field and coercivity. The 
training effect implies that during magnetization reversal the FM layer does not reverse 
homogeneously nor reversibly [17,18,142]. According to the DS model, the training effect 
arises due to a rearrangement of the AFM domain structure during field cycling, which results 
in a partial loss of mIDS of the AFM interface layer. This fact can also be observed in Fig.  
 
(a) (b) 
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Fig.2.12: (a) Training effect of the EB field of Co/Co1-xMgxO bilayers, as measured in Ref. 
[18]. (b) Simulated dependence of the EB field on the number of consecutive hysteresis cycles, 
as obtained from the DS model in Ref. [17]. 
 
2.8 where the hysteresis loop of the AFM interface layer is not closed on the right-hand side. 
The loss of net magnetization leads to a reduction of EB [17,18].   
Both in the simulations [17] and in the experiment [18,142] it was found that the most 
significant decrease of EB field takes place between the first and second hysteresis cycle. 
Figure 2.12(b) shows the decrease of the EB field due to training effect as calculated with the 
DS model. The values of the EB field are almost constant after 3-4 reversals of the magnetic 
field. This is in very good agreement with the experimental observations of training effect for 
Co/Co1-xMgxO bilayers [18,142]. Moreover, the experiments show also a strong correlation 
between the EB shift and the magnitude of the training effect: At optimum dilution the EB is 
strongest with the smallest training effect, while at high and low dilution the EB decreases 
while the training effect is increased [18]. More recent results concerning the training effect of 
epitaxial and polycrystalline EB systems will be addressed in chapter 4 and 6 of this thesis.  
 
Cooling field dependence 
 
The dependence of the EB field on the magnitude of the cooling field was discussed in 
the framework of the DS model for two different cases. The first case corresponds to a 
positive coupling between the FM and the AFM. According to the DS model, if the FM/AFM 
system is cooled below the Néel temperature of the AFM without external field, but in the 
presence of the magnetized FM layer it ends up in an AFM magnetization parallel to that of 
(a) (b) 
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the FM [17]. As shown in Fig. 2.13, the EB field is negative and its absolute value increases 
slightly if an external field is applied parallel to the FM magnetization during the cooling 
procedure. This external field favors the orientation of the remanent magnetization of the 
AFM layer parallel to that of the FM layer. In the second case, the coupling between the FM 
and the AFM is considered to be negative. Hence, the irreversible DS magnetization of the 
AFM (when cooled in zero field) is opposite to the FM magnetization [17]. When cooling the 
FM/AFM system in an external field there will be a competition between the external field 
and the action of the FM on the AFM. For small external fields, this leads to a reduction of  
 
 
Fig. 2.13: Dependence of the EB field on the magnitude of cooling field of the FM/AFM 
bilayer for negative and positive interface coupling. Positive EB can appear only for negative 
interface coupling and large cooling fields. From Ref. [17] 
 
the EB field. When the cooling field is strong enough to overrule the exchange field of the 
FM, domains with the surplus magnetization being parallel to the external field will stabilize 
in the AFM. This results in a positive EB field as shown in the upper curve of Fig. 2.13. 
Hence, according to the DS model, positive bias occurs only in systems with negative 
interface coupling and when cooling the FM/AFM system in magnetic fields larger than the 
interface coupling [17]. Using the above statements of the DS model, it was concluded that a 
positive (ferromagnetic) interface coupling establishes at the interface between Co and CoO 
[18].  
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AFM layer thickness 
 
The calculated dependence of the EB field on the thickness of the AFM layer for two 
different dilutions in the AFM is shown in Fig. 2.14(a). In the Monte Carlo simulations a 
ferromagnetic interface coupling, JINT = -JAFM was assumed [17].  For small dilutions the EB 
field goes through a maximum and then decreases monotonically with increasing number of 
the AFM layers. According to the DS model, as the thickness of the AFM layer increases, the 
formation of domain walls becomes more and more difficult. These domain walls are 
perpendicular to the FM/AFM interface extending through the whole AFM layer. Hence, the 
domain-wall energy increases with increasing the thickness of the AFM layer. The domain 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.14: Simulated (a) and experimental (b) dependence of the EB field on the thickness of 
the AFM layer. The experimental results are for Co/Co1-yO bilayers unintentionally diluted 
(p(O2) = 3.3 x 10-7 mbar) and optimally diluted (p(O2) = 5 x 10-6 mbar) Co1-yO.  
From Ref. [17] and [18] , respectively. 
 
wall energy could be reduced by reducing the number of domain walls, i.e., by the formation 
of larger domains which then reduce the bias field [17,121]. As shown in the simulations from 
Ref. [17,121], the increase of the domain-wall energy with increasing AFM thickness is much 
less pronounced for higher dilutions. Therefore, it is also possible that the EB field becomes 
constant for large AFM thicknesses. The rapid increase for very thin films was explained by 
the fact that the domains are not sufficiently stable to keep their DS magnetization during the 
(a) 
(b) 
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hysteresis loop. This leads to the conclusion that a minimal AFM layer thickness is required 
for the onset of EB [17,121]. 
Experimentally, both types of dependencies of the EB field with respect to the 
thickness of the AFM layer were confirmed. Fig. 2.14(b) shows the AFM layer thickness 
dependence of the EB field of Co/Co1-yO bilayers for unintentionally diluted (p(O2) = 3.3x10-7 
mbar) and optimally diluted (p(O2) = 5x10-6 mbar) Co1-yO. It is easy to observe that the 
calculated dependence of the EB field with respect to the thickness of the AFM layer for p = 
0.3 is qualitatively similar to the corresponding experimental dependence of the 
unintentionally diluted sample (Fig. 2.14). A similar qualitative agreement between the 
calculated curve for higher dilution (p = 0.6) and the corresponding experimental curve for 
the optimum diluted sample can be also observed (Fig. 2.14). 
 
2.6 Conclusions 
 
In this chapter the fundamentals of exchange bias were discussed. First, a short overview of 
the discovery of the exchange bias effect by Meiklejohn and Bean in partially oxidized Co 
particles was given. The main applications of the exchange bias were also mentioned. A 
simple phenomenological model was presented which can explain the shift of the hysteresis 
loop along the magnetic field axis. However, this simple intuitive model does not consider 
many aspects concerning exchange bias and it lacks a correct quantitative estimation of the 
loop shift. Additionally, the first model for the exchange bias proposed by Meiklejohn and 
Bean in 1957 was presented. A short review of the numerous models for exchange bias which 
have been developed during the past 50 years was given. Following Nogués’s classification, 
the models for the exchange bias are divided in macroscopic, mesoscopic and microscopic. 
Finally, the domain state model was presented in detail. This model will be used in the next 
chapters to explain a significant part of the experimental results of exchange bias in metallic 
systems. Moreover, the domain state model will be extended in chapter 4 to explain the 
exchange bias properties of metallic, polycrystalline antiferromagnets.  
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Chapter 3 
Experimental  
For the preparation and characterization of the samples discussed in the following chapters of 
this thesis a broad variety of techniques were used. In this chapter a description of the 
Molecular Beam Epitaxy system available at the 2nd Institute of Physics of RTWH Aachen 
University is given. All other techniques used for the preparation and characterization of the 
samples discussed in this thesis are only briefly mentioned at the end of the chapter. 
 
3.1 Molecular Beam Epitaxy system 
 
Molecular Beam Epitaxy (MBE) is a process for growing thin, epitaxial films of a 
wide variety of materials, such as oxides, metals or semiconductors. In this process beams of 
atoms or molecules in an ultra-high vacuum (UHV) (< 10-9 mbar) environment are incident 
upon a substrate (crystal) that has previously been processed to produce a nearly atomically 
clean and smooth surface. The arriving constituent atoms form a crystalline layer in registry 
with the substrate. The beams of atoms or molecules are formed by evaporating the material 
in UHV using techniques such as electron beam evaporation or effusion (Knudsen) cells. 
Because of the cleanliness of the growth environment and because of the precise control over 
composition, MBE structures closely approximate the idealized models used in solid state 
theory [143]. Detailed information concerning the physics and the technology of MBE can be 
found in the comprehensive reviews of Arthur [143] and Finnie et al. [144]. 
All samples studied in chapters 4, 5 and 6 of this thesis are prepared using the MBE 
system available at the 2nd Institute of Physics of RWTH Aachen University. A schematic 
drawing of the complete MBE system is shown in Fig. 3.1. The system is divided into 6 
autonomous vacuum chambers, each equipped with vacuum pumps and pressure gauges. Two 
chambers, namely the metal MBE chamber and the HTSL (high temperature superconductor) 
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Fig. 3.1: Schematic representation of the MBE system. The facilities of the MBE systems are 
listed for each UHV chamber. 
 
MBE chamber are conceived for sample preparation. For structural analysis of samples and 
substrates an STM (Scanning Tunneling Microscopy) chamber and an analysis chamber are 
available. For sample transfer into UHV, a load-lock is attached to the system, which can 
serve also as an oxidation chamber. The central unit of the system is a transfer chamber, 
which allows in-situ transfer of samples through the entire system.  
In the following a description of the individual modules of the system is given. The 
description is focused only on some experimental details concerning the MBE system. The 
HTSL-MBE chamber was not used for sample preparation and will therefore not be discussed 
in the following. Additional information concerning the MBE system can be found in the 
following References [145-148] as well as in the system documentation. 
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3.1.1 Metal MBE chamber 
 
The metal MBE chamber was the most important chamber of the MBE system for the 
purpose of sample preparation. In this chamber all samples studied in chapters 4, 5 and 6 of 
this thesis were prepared.   
The metal MBE chamber can be divided in two chambers, the so called source 
chamber (lower part) and substrate chamber (upper part). The actual MBE chamber has been 
redesigned in 2004. A shielding plate separating the atom beams of different materials is 
placed in front of this valve. Therefore, the valve which separates the two parts of the 
chamber must be always open. This is shown later in Fig. 3.4. 
Fig. 3.2 shows a schematic top-view of the source chamber. The evacuation of this 
chamber is performed by a turbomolecular pump, an ion getter pump, a Titanium sublimation 
pump, a He4 cryopump and two LN2 cryopumps. The source chamber is divided into five 
partial segments separated by shields in order to achieve thermal isolation of the individual 
segments. The largest partial segment is equipped with a dual electron beam evaporator from 
Thermionics company.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2: Schematic top-view of the source chamber. 
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A picture of the dual electron beam evaporator is shown in Fig. 3.3. The metals for 
evaporation are placed inside of crucibles. The dual electron beam evaporator has one 
filament for each half containing three sources. Hence, it allows simultaneous evaporations of 
two metals. In total, six materials can be accommodated in the dual electron beam evaporator. 
Under high voltages (max. 10 kV, 6 A), the filament emits electrons which are accelerated by 
a positive voltage and focused by magnetic fields to heat the material placed in front of the 
filament. As a result, the metal is heated locally at temperatures up to 3000 ºC.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3: Picture of the dual electron beam evaporator. Shown is a half of the evaporator. 
 
These temperatures allow evaporation of most metals. However, the thermal conductivity of 
the material for evaporation is also an important factor which influences the deposition 
parameters. 
The other four segments of the source chamber can accommodate four Knudsen cells. 
They are used for evaporation of metals and enable very stable evaporation rates. In principle 
an effusion cell has a crucible which contains the metal for evaporation and a filament 
surrounding the crucible. The electrons emitted by the filament heat homogenously the 
crucible and the material. A precise feedback loop between the temperature controller and the 
power supply of the filament can regulate very stable temperatures and therefore very stable 
evaporation rates. The maximum temperature which can be reached with the Knudsen cells 
installed in the metal MBE chamber is about 2000 ºC, allowing evaporation of a whole range 
of metals such as Cu, Au, Fe, Co, Ni, etc. 
crucible with 
material for 
evaporation 
water 
cooling 
electromagnet 
filament
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The samples studied in chapter 4 of this thesis are ternary alloys. For their preparation 
a Knudsen cell and the dual electron beam evaporator were simultaneously used. In order to 
control the deposition rate of each material individually during the deposition of the ternary 
alloys a LABVIEW program was used, which controls the whole deposition process.  
 The substrate chamber is the upper part of the metal MBE chamber. A schematic front 
view of the substrate chamber is shown in Fig. 3.4. The evacuation of this chamber is 
performed by a turbomolecular pump, an ion getter pump and a LN2 cryopump. The substrate 
chamber contains three quartz sensors for measuring the deposition rates of three different 
materials, a sample manipulator and the poles of an electromagnet. The sample manipulator 
contains a filament which allows heating of substrates at temperatures up to 850 ºC in order to 
degas water and elements such as C form their surface. The sample manipulator allows 
horizontal and vertical rotation of samples, as for instance from the loading position (position 
1 in Fig. 3.4) to the deposition position (position 2 in Fig. 3.4). During deposition the sample 
can be placed between the poles of an electromagnet (see Fig. 3.5). In this way one can 
prepare magnetic thin films in the presence of a magnetic field. This favors the appearance of 
an uniaxial anisotropy in magnetic thin films during deposition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4: Schematic front-view of the substrate chamber. 
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Fig. 3.5: Picture of the inside of the substrate chamber 
 
This is very convenient for the exchange bias samples discussed in the next chapters of this 
thesis. When the sample is in the deposition position, an automatically controlled shutter can 
be placed in front of the sample (see Fig. 3.5). In this way one can avoid deposition on the 
substrate until the evaporation rates for binary or ternary alloys become constant.  
 
3.1.2 Analysis chamber 
 
The analysis chamber is used to in-situ investigate the surfaces of samples and 
substrates. It contains the following experimental techniques: LEED (Low Energy Electron 
Diffraction), AES (Auger Electron Spectroscopy) and XPS (X-ray Photoelectron 
Spectroscopy). Additionally, a sputter gun, an electron gun, a scintillator and a spherical 
energy analyzer are connected to the analysis chamber. Fig. 3.6 shows a picture of the 
analysis chamber.  
 LEED enables investigations of the surface crystallographic structure of samples. The 
surface of a sample is bombarded with low energy electrons (approx. 10-200 eV). The 
diffracted electrons can be observed as spots on a phosphorescent screen. The relative 
position of the spots on the screen is correlated with the surface crystallographic structure. 
The diffracted spots will move as the energy of the incident electrons changes. The intensity 
of the spots as a function of incident electron energy reveals information about surface 
reconstructions. Within this thesis LEED patterns have been used for checking the 
crystallographic orientations of epitaxial NiFe/FeMn samples grown on Cu single crystal  
Dual sensor box Sample shutter 
Sample Electromagnet 
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Fig. 3.6: Picture of the analysis chamber. The different parts of the chamber are 
 indicated in the picture. 
 
substrates with different orientations (chapter 6). 
AES is a surface specific technique which uses the emission of low energy electrons in 
an Auger process. It is one of the most commonly employed surface analytical techniques for 
determining the composition of the surface layers of a sample. The electron gun emits focused 
electrons which are incident on the sample. The emitted (Auger) electrons are deflected into 
the energy analyzer (see Fig. 3.6). An element specific kinetic energy distribution of the 
Auger electrons is then recorded. 
The XPS technique is based on the photoelectric effect. It can furnish information 
about the composition and electronic state of the surface region of a sample. Within the 
photoelectric effect, a photon is absorbed by an atom in a solid, leading to ionization and the 
emission of a core (inner shell) electron. The kinetic energy distribution of the emitted 
photoelectrons can be measured using an energy analyzer and a photoelectron spectrum can 
thus be recorded. Each element has a characteristic binding energy associated with each core 
atomic orbital. In other words, each element will give rise to a characteristic set of peaks in 
the photoelectron spectrum at kinetic energies determined by the photon energy and the 
respective binding energies. For XPS, Al Kα (1486.6 eV) or Mg Kα (1253.6 eV) are the 
photon energies of choice. Within this thesis the XPS technique is used for determining the 
chemical composition at the surface of Cu single crystals (chapter 6). 
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The sputter gun can be used for ionizing Ar gas which is then sputtered on different 
substrates with the purpose of cleaning them. This technique is used for cleaning the Cu 
single substrates discussed in chapter 6 of this thesis.  
 
3.1.3 STM chamber 
 
Scanning tunneling microscopy (STM) is a powerful technique for viewing surfaces at 
atomic level. The basic idea of STM is to bring a sharp metallic tip in close proximity (a few 
Å) of a conductive sample. By applying a voltage (< 4 V) between the tip and the sample a 
small electric current (0.01 nA-50 nA) can flow from the sample to the tip or reverse, 
although the tip is not in physical contact with the sample (quantum tunneling of electrons). 
The exponential dependence of the tunneling current on the tip to sample distance results in a 
high vertical resolution. By scanning the tip across the surface and detecting the current (one 
can also use the current as a vertical positioning signal for the tip) a map of the surface can be 
generated with a resolution in the order of atomic distances.  
A picture of the STM chamber is shown in Fig. 3.7. The STM chamber was developed 
and built up by A. Rosenberger [149]. It is constructed in such a way, that it is possible to 
disconnect it mechanically from the rest of the UHV system. With a wobble stick, the sample 
can be transferred to the sample plate. Subsequently, the sample has to be installed in a triple- 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.7: Picture of the STM chamber. The different parts of the chamber are  
indicated in the picture. 
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helix-plate that can be transferred close to the tip. The system contains four piezo elements. 
Three of them are ordered in a triangular shape for sustaining and moving the sample. The 
forth piezo element sustaining the tip is placed in the middle of the other three and is 
responsible for the movement of the tip during the scans. The STM chamber allows in-situ 
replacement of the STM tip in case of any tip crash. More technical details about the STM 
chamber can be found in Ref. [148-151]. 
 
3.1.4 Load lock chamber 
 
For loading and unloading samples into the MBE system, a load lock chamber is 
attached to the system. The load lock chamber is equipped with only a turbomolecular pump 
and it consequently operates in high vacuum (at about 10-7 mbar). The load lock chamber 
does not require bake out due to the fact that the chamber is vented each time when loading or 
unloading samples. The load lock chamber can also serve as an oxidation chamber for thin 
films. More details about the oxidation process in the load lock chamber can be found in Refs. 
[145,148,151]. 
 
3.1.5 Transfer chamber 
 
The transfer chamber is the central part of the MBE system that connects all other 
chambers. Any sample transfer can only be performed by using this chamber. The transfer 
chamber contains a telescope arm which can be rotated 360° with stopping positions in the 
front of each chamber of the system. Additionally, the telescope arm can be elongated into 
each chamber while fixed in one of the stopping positions. 
The transfer chamber is equipped only with an ion getter pump. Therefore, it is the 
only chamber, which cannot be independently evacuated. In order to vent the transfer 
chamber, one needs to vent another chamber simultaneously. For the pumping down 
procedure of the transfer chamber one can use the turbomolecular pump of the load lock 
chamber while pumping down both chambers simultaneously.  
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3.2 Other experimental techniques 
 
Various other experimental techniques have been used for preparation, structural and 
magnetic characterization of the samples discussed in this thesis. These techniques are 
mentioned in the following:  
- Magnetron sputtering (a Leybold system) was used for the deposition of the samples 
discussed in chapter 7 of this thesis.  
- X-ray diffraction was used for the determination of the crystallographic orientation of 
the samples discussed in chapters 4 and 7.  
- Atomic Force Microscopy (AFM) was used for the determination of crystalline grain 
size of the samples discussed in chapter 4. 
- Various magnetic characterization techniques were used: SQUID (Superconducting 
Quantum Interference Device) magnetometer, VSM (Vibrating Sample 
Magnetometer), AGM (Alternating Gradient Magnetometer), Nano-MOKE (Magneto-
Optical Kerr Effect) magnetometer, four-point probe electrical setup for measurements 
of magnetoresistance.  
- Optical lithography was used for patterning the magnetic tunnel junction samples 
discussed in chapter 7.  
 
 
 
 
 
  
 
Chapter 4 
Effects of nonmagnetic dilution in metallic 
antiferromagnets on exchange bias 
 
The main properties of the exchange bias (EB) effect and most of the relevant models for EB 
were introduced in chapter 2 of this thesis. Here the experimental results of EB in metallic 
ferromagnetic/antiferromagnetic (FM/AFM) bilayers containing the metallic AFMs FeMn and 
IrMn diluted by Cu are presented. The results of EB are discussed in the framework of a 
modified domain state (DS) model. 
 
4.1 Introduction 
 
Within the DS model [16-18,126,127] it was shown that the presence of nonmagnetic 
defects (dilution) through the AFM lattice gives rise to a metastable DS and to 
uncompensated moments in the AFM. The domain formation is favoured by intentional 
dilution [18], i.e. by implementing nonmagnetic defects in the bulk of the AFM. An 
irreversible DS magnetization develops in the AFM during field cooling through the Néel 
temperature. In contact with a FM layer, the irreversible DS magnetization gives rise to the 
EB effect [17]. 
The validity of the DS model was tested in insulating, high anisotropy and epitaxial 
AFM CoO exchange biasing Co [16,18,152]. It has been shown that it is possible to enhance 
the EB field (HEB) by replacing magnetic atoms in the AFM by nonmagnetic ones (dilution by 
substitutional defects) [16,17,153,154] or by structural defects (twin boundaries) [152,155] 
not at the interface but rather throughout the volume part of the AFM. Although the 
experimental results of the system diluted-CoO/Co have been successfully explained in the 
framework of the DS model this corresponds to a particular case characterizing only the AFM 
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CoO. No attempts of applying the DS model to metallic and polycrystalline AFMs are 
reported in literature [19,20]. 
In this chapter we test the validity of the DS model for metallic AFMs with low and 
intermediate anisotropy values. For this purpose we investigate the influence of Cu dilution in 
the metallic AFMs γ-Fe50Mn50 (with low anisotropy) and Ir22Mn78 (with intermediate 
anisotropy). In contrast to the epitaxial AFM CoO, these metallic AFMs have a 
polycrystalline structure and higher Néel temperatures. Hence, beyond a fundamental 
understanding of the influence of nonmagnetic defects into metallic AFMs, this study may be 
also important from an applied point of view. These metallic AFMs are the most commonly 
used in applications in spin valves and sensors [12,13,156-159]. 
The DS model [17,18] is adapted for metallic AFMs and found to be able to explain 
their EB properties. For this purpose we assume in simulations a Heisenberg type AFM, take 
into account their granular structure and include temperature dependent uncompensated spins 
in the AFM [19,20]. 
 
4.2 Exchange bias of NiFe/(FeMn)1-xCux 
 
4.2.1 Sample preparation and structural analysis  
 
The alloy γ-Fe50Mn50 is a metallic AFM with low anisotropy (anisotropy constant      
K = 1.35 x 104 J/m3 [160]) and with an fcc (face cubic centered) structure with a lattice 
constant a = 3.625 Å. It is worthwhile mentioning that only the metastable, so-called γ phase 
of the Fe50Mn50 alloy is an AFM phase [161-163]. This γ-Fe50Mn50 phase can be obtained by 
depositing the alloy on top of a properly chosen seed layer, such as Cu, NiFe, Ta, etc [164]. 
The AFM phase γ-Fe50Mn50 can be set by depositing the alloy in the presence of a magnetic 
field or on top of a saturated FM layer. Cooling down it from above the Néel temperature of 
the AFM phase (for γ-Fe50Mn50, TNéel = 220 °C) in the presence of a magnetic field leads also 
to the appearance of the AFM state.  
As a suitable nonmagnetic impurity we have chosen Cu. The chose of Cu as 
nonmagnetic impurities (defects) was performed by taking into account the good miscibility 
of Cu atoms with the host Fe50Mn50 lattice. Cu has an fcc crystalline structure with a lattice 
constant a = 3.615 Å, which agrees with the fcc structure of γ-Fe50Mn50 and matches fairly 
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well its lattice constant of 3.625 Å. Therefore, Cu atoms inserted into γ-Fe50Mn50 act as 
substitutional defects without inducing substantial strain and lattice deformation in the AFM 
(the lattice constant of Cu is only 0.3% smaller than that of γ-Fe50Mn50) [165]. An empty 
magnetic lattice site would in principle also serve the purpose. From the point of view of the 
magnetic behaviour, the metallic character of the impurity is not crucial as long as it does not 
chemically react with the host atoms of the AFM. Such reactions could lead in the case of 
non-metallic impurities to the occurrence of other phases, such as either non-AFM or AFM 
with different anisotropies and Néel temperatures (like MnO). On the other hand, non-
metallic impurities can affect the concentration of electrons in the conduction band of the 
AFM. This may affect the electrical conductivity and the AFM order. Non-metallic 
impurities, such as Si, S or B have also a glass forming tendency, yielding amorphous metals. 
It is known that the AFM phase of Fe50Mn50 is associated with the crystalline state of the 
alloy [164,166,167]. 
A series of samples having the layer sequence Si/SiO2/Cu(50 nm and respectively 0 
nm)/Ni80Fe20(10 nm)/(Fe50Mn50)1−xCux(10 nm)/Au(5 nm), denoted by A and respectively B in 
the following, were deposited in an molecular beam epitaxy (MBE) system which is described 
in chapter 3. The layer sequence of the samples is presented schematically in Fig. 4.1. The 
deposition was performed at room temperature and at a pressure below 10−9 mbar.  
 
 
Fig. 4.1: Schematic representation of the samples of series A and B. 
 
The Ni80Fe20 layer constitutes the FM layer which is exchange biased by the AFM 
Fe50Mn50 layer. At the same time, the Ni80Fe20 layer having a fcc structure with the lattice 
constant aNiFe = 3.549 Å, plays the role of a seed layer for the metastable AFM phase             
γ-Fe50Mn50. The Cu buffer layer is used to control the size of the FM/AFM grains and, 
Cu [50 nm (A); 0 nm (B)] 
(Fe50Mn50)1-xCux [10 nm] 
Ni80Fe20 [10 nm] 
Au [5 nm]  
Si/SiO2 
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consequently, their thermal stability [168]. In addition, it is expected that the Cu buffer layer 
induces a (111) texture of the FM and AFM layers, grown on top of it.  
E-beam evaporation was used for Ni, Fe, Mn and Au. Cu was evaporated from a 
Knudsen cell. The deposition of the Ni80Fe20 layer was performed by co-evaporation of Ni 
and Fe. The deposition rates of binary and ternary alloys were 0.040 nm/sec. The deposition 
of the ternary alloy (Fe50Mn50)1−xCux was performed by co-evaporation of Fe, Mn and Cu. For 
all samples the atomic concentration of Fe and Mn was in a 1:1 ratio. In order to prepare 
samples with various Cu dilutions the atomic concentration of Cu (x) was varied during the 
deposition of the ternary alloy (Fe50Mn50)1−xCux. This was possible by selecting different 
deposition rates for the evaporation of Cu. The deposition rates needed for samples with 
various Cu dilution were precisely calculated using a Fortran program. It has to be mentioned 
that for the deposition of samples with high Cu dilution in FeMn (x > 40 %) the required 
evaporation rates of Cu may become too large (> 0.020 nm/sec) for a total deposition rate of 
0.040 nm/sec. This would require too high temperatures of the Knudsen cell (used for Cu 
evaporation) which may give rise to damages. Hence, a good practice is to reduce the total 
deposition rate of the ternary alloy (by a factor of 2, for example) which implies also a 
reduction of the desired evaporation rate of Cu (and consequently lower temperatures of the 
Knudsen cell).  
All samples have been capped with a 5 nm thick Au layer in order to protect them 
against oxidation during the ex situ measurements. 
In order to initialize the exchange bias at room temperature (for γ-Fe50Mn50, TNéel = 
220 °C), samples were deposited in the presence of a magnetic field Hdep = 250 Oe generated 
by the in situ poles of a home-built electromagnet. The field applied during the deposition of 
the NiFe layer induces a uniaxial anisotropy (easy axis) in the FM layer. The deposition of the 
AFM layer on top of the FM layer is also performed in the presence of Hdep. Therefore, the 
uncompensated moments in the AFM layer are initialized during the deposition in the 
direction of Hdep. This gives rise to the uniaxial anisotropy (exchange bias), whose direction is 
defined by the direction of the field applied during deposition.  
Two quartz microbalances, measuring the two e-beam deposition rates, were used to 
control the voltages of the e-guns’ filaments, thus keeping the deposition rates constant to 
within 1% by using a feedback loop. The tuning of the feedback loop parameters was 
performed by a computer program written in LABVIEW, interacting with the quartz 
microbalances via the RS232 interface. 
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Structural characterization of the samples was performed by X-ray Diffraction (XRD) 
and Scanning Tunnelling Microscopy (STM). The XRD measurements can determine the 
crystalline orientation of the FM and AFM layers. For this purpose θ-2θ scans and GID 
(Grazing Incidence Diffraction) scans were performed for undiluted samples with different 
thicknesses of the Cu buffer layer. Figure 4.2 shows the θ-2θ scans of two undiluted samples 
with the thickness of the Cu buffer layer 50 nm and 100 nm, respectively. The θ-2θ scan of 
the sample with 100 nm Cu buffer layer is performed in a wide range of the 2θ angle (2θ 
angle from 20° to 120°) and contains therefore more information as compared to the θ-2θ scan 
of the sample with 50 nm Cu buffer layer. One can observe that the most significant peak at 
2θ = 69.2° belongs to the Si substrate. Also the peaks at 2θ = 33.0° and 2θ = 116.2° are due to 
the Si substrate. Figure 4.2 shows also that the expected (111) texture of the Cu buffer layer 
grown on the Si/SiO2 substrate is not completely achieved. This is evidenced by the presence 
of the minor Cu(200) and Cu(311) peaks in the θ-2θ scans. The determination of the FeMn 
orientation when grown on Cu/NiFe is known to be a difficult task because of the overlapping 
peaks of Cu, NiFe and FeMn [169,170]. In order to investigate the (111) orientation of FeMn, 
 
 
Fig. 4.2: X-Ray diffraction θ-2θ scans of the samples Si/SiO2/Cu(50 nm – dots and 100 nm - 
line)/NiFe(10 nm)/FeMn(10 nm)/Au (5nm). 
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NiFe and Cu layers, additional GID scans were performed. The results of the θ-2θ and GID 
scans for an undiluted sample with 50 nm Cu buffer layer in a narrow range of the 2θ angle 
are presented in Figure 4.3. One can see that the peak with the highest intensity in this range 
corresponds to the Cu(111) orientation (2θ = 43.4°). This is due to the Cu buffer layer which 
is thicker than the NiFe and FeMn layers (50 nm Cu as compared to the 10 nm NiFe and 
FeMn layers). The peaks corresponding to the (111) NiFe and (111)FeMn (at 2θ =43.7 and at 
2θ = 43.0) are not clearly visible in Fig. 4.3. However, the asymmetries in the θ-2θ and GID 
scans around the (111) Cu peak may indicate the presence of weak peaks corresponding to the 
(111) orientation of NiFe and FeMn layers. Consequently, one can expect that the Cu(200) 
and Cu(311) peaks induce similar orientations in the NiFe and FeMn layers. However, the 
very similar fcc structures and lattice parameters of these layers give rise to undistinguishable 
peaks. Similar XRD results showing overlapping peaks of Cu, NiFe and FeMn were found in 
Ref. [171]. Hence, one can conclude that the polycrystalline character of the Cu buffer layer 
gives rise to a polycrystalline growth of the NiFe and FeMn layers. 
The polycrystalline nature of the samples described above is further evidenced by in 
situ STM measurements. After deposition in the metal MBE chamber, the samples were 
transfered into the UHV STM chamber. As the whole transport process was performed in  
 
 
Fig. 4.3: X-Ray diffraction θ-2θ scan and GID scan of the samples Si/SiO2/ 
Cu(50 nm)/NiFe(10 nm)/FeMn(10 nm)/Au (5nm). 
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UHV, the sample was not capped. Therefore, the STM image shows the surface profile of the 
FeMn layer. The tunnelling current used was Itunnel = 0.2 nA and the voltage applied for 
tunnelling was Utunnel = -0.12 V.  
Figure 4.4(a) shows a typical STM image of an undiluted sample with the layer 
sequence Si/SiO2/Cu(50 nm)/NiFe(10 nm)/FeMn(10 nm). The size of the STM image is 225 x 
225 nm2. One can see a granular structure of the FeMn layer with clearly defined crystalline 
grains. The estimated mean diameter of the crystalline grains is about 18 nm and the peak-to-
peak roughness of the FeMn layer is about 1.6 nm. A similar granular structure was found for 
sputtered FeMn in Ref. [168] but the mean grain size was found to be smaller as compared to 
our MBE deposited samples. Such differences are usually found and are due to the different 
deposition techniques of FeMn (higher energy of the sputtered atoms as compared to the 
evaporated ones). Figure 4.4-(b) shows an STM image of an undiluted sample belonging to 
series B (without Cu buffer layer). The size of the image and the parameters used for the STM 
measurements from Fig. 4.4(b) are kept constant with respect to those of the undiluted sample 
of series A (Fig. 4.4(a)). 
 
 
       
 
Fig. 4.4: Scanning Tunnelling Microscopy images of  
 Si/SiO2/Cu(50 nm - (a) and 0 nm - (b))/NiFe(10 nm)/FeMn(10 nm) 
 
By comparing Fig 4.4 (a) with Fig. 4.4 (b) one can see that a direct consequence of removing 
the Cu buffer layer is the decrease of the FM/AFM grain size. The average grain size 
estimated from Figure 4.4(b) is about 6 nm. However, the grain boundaries are not well 
defined as in Fig. 4.4(a). Also the dispersion of the grain size is larger in Fig. 4.4(b) as 
20 nm
(a) 
20 nm
(b) 
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compared to that from the Fig. 4.4-(a). The absence of the Cu buffer layer for series B does 
not influence the peak-to-peak roughness of the AFM layer. These results are consistent with 
the observations of sputtered FeMn on different buffer layers [168]. 
 
4.2.2 Measurement procedure 
 
Magnetic measurements of the NiFe/(FeMn)1-xCux bilayers were performed in a 
Superconducting Quantum Interference Device (SQUID) magnetometer. As mentioned in 
section 4.2.1, all samples were deposited in the presence of a static magnetic field Hdep = 250 
Oe. This field initializes the EB direction of the samples with a blocking temperature TB 
above room temperature. As we will show in the next section (4.2.3) dilution gives rise to a 
decrease of TB below room temperature. Hence Hdep is not effective for samples with TB 
smaller than room temperature. In order to initialize the EB direction of these samples we had 
to cool down in SQUID the samples through their TB in the presence of an applied field Hcool. 
Moreover, in order to use the same procedure for initializing the EB direction for all samples 
we had to cool down in the presence of Hcool the samples with TB greater than room 
temperature as well. For this purpose, we measured first a hysteresis loop at room 
temperature, determined the direction of HEB and consequently applied Hcool in the opposite 
direction to HEB (this is for ensuring that Hcool//Hdep and that only one unidirectional 
anisotropy is induced in the AFM). For all samples Hcool was 1 T.  
It is worthwhile mentioning that for the samples having TB above room temperature 
Hcool and Hdep are expected to yield an equivalent HEB since, for moderate cooling fields, HEB 
is determined by the magnetization state of the ferromagnet at TB and not by the strength of 
the cooling field [172]. 
After cooling down of the samples to 5 K in the presence of Hcool the temperature was 
gradually increased up to room temperature through a sequence of intermediate temperatures. 
At each of these temperatures, the applied field was cycled from + Hcool to - Hcool in order to 
measure a hysteresis cycle. Prior to the measurements, an additional hysteresis cycle was 
performed at 5 K in order to reduce the training effect. Hence, we took into account the 
second hysteresis loop measured at 5 K. The switching fields of the hysteresis cycles H1 and 
H2 were used to estimate the exchange bias field HEB and the coercive field HC according to 
HEB = (H1 + H2)/2 and HC = | H1- H2|/2, respectively.  
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4.2.3 Effects of Cu dilution in NiFe/(FeMn)1-xCux 
 
In Fig. 4.5 the temperature dependence of HEB and HC of samples A is presented for 
various Cu defects concentrations x. In all figures the full circles correspond to HEB and the 
full triangles correspond to HC. Additionally, in Fig. 4.5-(a) the empty triangles correspond to 
the coercive field of a sample which contains only the NiFe layer (without AFM layer). One 
can see that HC of a single NiFe layer is very small (in the range of 1 Oe). On the other hand, 
the coercive field of the FM/AFM bilayers shows a substantial increase as compared to the 
coercive field of the single NiFe layer. Additionally the hysteresis loops were shifted in the 
opposite direction to the cooling field.  
For all Cu dilutions x, one can see that HEB decreases monotonously with increasing 
temperature from 5 K to 300 K. The samples with low dilution (x ≤ 10%) have blocking 
temperatures TB above 300 K, the maximum temperature used in our measurements. TB 
decreases with increasing x to about 15 K for the sample with 70% Cu dilution. The dilution 
dependence of TB is consistent with the results of epitaxial Co/CoO/Co1-xMgxO presented in 
Ref. [18]. 
The temperature dependence of HC shows an interesting behavior, which is dilution 
dependent. For small Cu dilutions in the AFM (x ≤ 15%) HC shows a monotonous decrease 
with increasing temperature (Fig. 4.5). For higher Cu dilutions (x ≥ 20%) HC starts to exhibit 
a maximum near the blocking temperature TB. With further increase of x, the temperature 
corresponding to the maximum of HC(T) shifts towards lower temperatures, similar to TB, and 
its amplitude decreases gradually. This complex behavior of HC depending upon dilution and 
temperature will be discussed in details in section 4.4 of this chapter, in the framework of the 
modified DS model. 
The dilution dependence of HEB extracted from the curves of Fig. 4.5 for two selected 
temperatures is displayed in Fig. 4.6. One can see that, at T = 5 K, HEB increases with x, 
shows a maximum around x = 25% and decreases at higher values of x. At higher 
temperatures (T ≥ 20 K) HEB decreases with increasing x as shown in Fig. 4.6. The trend of 
HEB (x) at T = 5 K is similar to that reported in Ref. [18] for epitaxial Co/CoO/Co1-xMgxO. 
The latter behavior was interpreted in the framework of the DS model [16,17] based on the 
existence of a domain structure in the AFM Co1-xMgxO which is controlled by the defects 
inserted throughout the AFM [18]. Based on the same arguments, it is expected that even if 
the AFM has a granular structure, which is the case for the samples A investigated here, the 
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Fig. 4.5: Temperature dependence of the exchange bias field HEB and of the  
coercive field HC of samples A. The empty triangles in Fig. 4.5(a) denote  
the coercive field of a single NiFe layer. 
 
inserted defects will induce a multidomain structure in the AFM grains. As discussed above, a 
direct consequence of removing the Cu buffer layer for samples B is the decrease of the 
FM/AFM grain size as compared to samples A (see Fig. 4.4). The different grain size of 
samples B gives rise to a different grain boundary structure which may act as structural  
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Fig. 4.6: Dilution dependence of the exchange bias field HEB of samples A  
for two selected temperatures. 
 
defects in the AFM influencing the EB properties. On the other hand, by introducing defects 
in the lattice of an AFM, one isolates clusters of spins similar to grains in a granular medium 
[19]. Hence, it is interesting to compare the effect of reducing the AFM grain size with that of 
increasing the defect concentration on the exchange bias and coercivity. For this purpose we 
have measured the magnetic properties of samples B. The results of the temperature and 
dilution dependence of exchange bias and coercivity of samples B are compared in the next to 
those of samples A. 
Figure 4.7 shows the temperature dependence of HEB and HC of samples B for 
different defect concentrations x.  One can see that the overall temperature dependence of HEB 
and HC of samples B is similar to that of samples A, presented in Fig. 4.5. Moreover, the 
dependence of HEB upon dilution shows at very low temperatures (T = 5 K) a local maximum, 
as shown in Fig. 4.8. The local maximum of HEB upon dilution for samples B takes place at a 
slighter smaller x value (x = 20 %, Fig. 4.8) than that for samples A (x = 25% Fig. 4.6). At 
higher temperatures HEB of samples B decreases with increasing x in a similar manner to 
samples A. Another important consequence of the absence of the Cu buffer layer for samples 
B as compared to samples A is related to the blocking temperature TB. Figure 4.9 presents a 
comparison between the dilution dependence of TB of samples A (with 50 nm Cu buffer) and 
B (no Cu buffer). One can see that for a certain amount of Cu dilution the blocking  
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Fig. 4.7: Temperature dependence of the exchange bias field HEB and of the  
coercive field HC of samples B (no Cu buffer).  
 
temperature is smaller for samples B as compared to samples A. This can be explained by the 
different crystalline grain size of samples A and B. The bigger crystalline grains of samples A 
as compared to samples B give rise to a better thermal stability and therefore to higher values 
of TB for samples A as compared to samples B. In Fig. 4.9 the blocking temperatures of 
samples A with 0 and 5 % Cu dilution are higher than room temperature (the maximum  
Chapter 4: Effects of nonmagnetic dilution in metallic antiferromagnets on exchange bias  
___________________________________________________________________________ 
 
___________________________________________________________________________ 
 
 - 57 -
 
Fig. 4.8: Dilution dependence of the exchange bias field HEB of samples B. 
 
temperature used in our magnetic measurements; the samples were not heated above room 
temperature in order to avoid Cu diffusion from the buffer layer through the NiFe layer at the 
interface with the FeMn layer). The values of TB of these two samples are estimated by 
extrapolating the TB(x) curve. 
The above observations concerning the dilution dependence of HEB and TB of samples 
A and B suggest the following idea: decreasing the grain size and lowering the defect  
 
 
Figure 4.9: Dilution dependence of the blocking temperature TB of samples A (50 nm Cu 
buffer) and of samples B (no Cu buffer). 
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concentration x (samples B) or increasing x for larger grains (samples A) khave similar 
consequences on HEB and TB. The effects of dilution and grain size are, to some extents, 
additive. These arguments will be corroborated in section 4.4 by Monte Carlo simulations. 
 
4.2.4 Thermoremanent magnetization of (FeMn)1-xCux 
 
For understanding the origin of exchange bias in samples A it is important to clarify 
whether the temperature dependence of HEB is directly determined by the bulk spin structure 
of the field-cooled AFM or whether it is mostly related to the interfacial interaction between 
the FM and the AFM. For this purpose, sole AFM samples of the type Si/SiO2/Cu(50 
nm)/(Fe50Mn50)1−xCux(10 nm)/Au(5 nm), denoted in the following by C (no FM layer), were 
evaporated under the same conditions as for samples A and B. The thickness of the Cu buffer 
layer of samples C was chosen the same as for samples A in order to allow for a comparison 
with these samples. The magnetic measurements of samples C do not consist of hysteresis 
loops as for samples A and B. The absence of the FM layer for samples C does not allow for 
measurements of hysteresis loops. Instead, thermoremanent magnetization measurements 
were performed using the following procedure: first, the samples were cooled from room 
temperature down to T = 5 K in an external field Hcool = 7 T. Subsequently, the field was set 
to zero and the thermoremanent magnetic moment mTRM was measured at several 
temperatures during the heating of the sample up to room temperature. In this context, mTRM 
describes the domain state magnetization (mDS) which is at the origin of EB in the framework 
of the DS model [17,18]. Both cooling and heating temperature rates were 1 K/min. The 
cooling field used for samples C is much larger than that of samples A (7 T as compared to 1 
T). During cooling down of samples A the AFM layer is exposed to the internal molecular 
field exerted by the FM layer. This field is in the range of 100 T and therefore much larger 
than the external applied field (1 T). On the other hand, samples C (AFM-only) are cooled in 
the maximum field available in the experiment (7 T), in order to create as much as possible 
similar cooling conditions as with the adjacent FM layer. 
Figure 4.10 shows the mTRM of samples C as function of temperature for different Cu 
dilutions x. Samples with small Cu dilution (x ≤ 10%) show very small mTRM values which are 
close to the error range of the measurements. These measurements are not accurate enough as 
compared to the measurements of the samples with a higher dilution and therefore they are 
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Fig. 4.10: Temperature dependence of the thermoremanent magnetic moment mTRM 
of samples C for different Cu dilutions. 
 
not presented in the following. From Fig. 4.10 one can see that mTRM decreases with 
increasing temperature for all Cu dilutions x. The values of mTRM are in the range of µemu. 
This corresponds with only few percents of the magnetization of the FM/AFM bilayers of 
series A (which have a saturation magnetization of about 200 µemu). The absolute values of 
the AFM magnetization mTRM of samples C are in the range of 0.025-0.5 emu/cm3.  
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Fig. 4.11: Dilution dependence of mTRM of samples C for various temperatures. 
 
These values are in agreement with other experimental data from literature [173,174]. From 
Fig. 4.10 it can also be observed that, at low temperatures, mTRM of samples C shows a 
maximum with increasing dilution. In order to emphasize this maximum we have plotted in 
Fig. 4.11 the dependence of mTRM of samples C upon dilution at various temperatures. One 
can see that at T = 5 K mTRM shows a significant increase with dilution, goes through a 
maximum (for x = 40%) and decreases for higher x values. A similar behaviour is observed at 
T = 20 K but the increase of mTRM with dilution is not as much as for T = 5 K. The maximum  
               
 
Fig. 4.12: Dilution dependence of the blocking temperature Tb of AFM-only samples. 
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of mTRM with dilution is shifted for T = 20 K to lower x values as compared to the case of       
T = 5 K. At higher temperatures (T ≥ 50 K) mTRM of samples C decreases monotonously with 
increasing dilution. The arrow in Fig. 4.10(a) shows the blocking temperature of the sole 
AFM samples (Tb). We called the blocking temperature of the AFM-only (samples C) the 
temperature at which mTRM of the AFM-only decreases to zero. The dependence of Tb upon 
Cu dilution is plotted in Fig. 4.12. One can see that Tb decreases with increasing Cu dilution. 
Moreover, there is a good qualitative agreement between the dilution dependence of Tb of the 
AFM-only samples (Fig. 4.12) and the dilution dependence of TB of the FM/AFM bilayers 
(Fig. 4.9). The values of Tb and TB for the same Cu dilution in the AFM are nearly the same 
(see Fig. 4.12 and Fig. 4.9). This fact is also evidenced in Fig. 4.13 where we plott the 
temperature dependence of the exchange bias field HEB of the FM/AFM bilayers of series A 
(full triangles) and of the thermoremanent magnetic moment mTRM of samples C (full circles) 
for different Cu dilutions. One can see that, for each Cu dilution, mTRM of samples C 
decreases with temperature in a very similar manner as HEB of samples A. This similar 
temperature and dilution dependence of HEB of FM/AFM bilayers and of mTRM of AFM-only 
suggests that, for a given defect concentration in the AFM, similar AFM domain structures 
could be created either by the FM/AFM interaction (which leads to HEB) or simply by an 
external field during cooling of the AFM layer in the absence of the FM layer. In the latter 
case the external field has to be strong enough to stabilize a domain structure in the AFM. The 
qualitative agreement between HEB(T) and mTRM(T) (as shown in Fig. 4.13) is believed to be 
related to the smaller thickness of the AFM layer (10 nm) with respect to the domain wall 
width in the AFM ( ≅KA /π 48 nm for γ-Fe50Mn50) leading to a coherent rotation of the 
AFM spins all over the AFM thickness (AFM domains penetrate the entire thickness of the 
AFM). A quantitative comparison between HEB(T) and mTRM(T) is difficult since mTRM 
accounts for the uncompensated moments throughout the volume of the AFM, whereas HEB is 
determined by the uncompensated moments at the FM/AFM interface. 
As shown above in Figs. 4.6 and 4.11, both HEB of FM/AFM bilayers and mTRM of 
AFM-only samples show, at T = 5 K, a maximum as function of Cu dilution in the AFM. 
Some aspects have to be discussed here. For this purpose we present in Fig. 4.14 the dilution 
dependence of HEB of the FM/AFM bilayers of series A (full circle) and B (full triangle) as 
well as the dilution dependence of mTRM (empty circles) of AFM-only samples (samples C). 
HEB of samples A and B peaks at about the same x values (25% for samples A and 20% for  
 
___________________________________________________________________________ 
 
___________________________________________________________________________ 
 
 - 62 -
 
 
Fig. 4.13: Temperature dependence of the exchange bias field HEB of the FM/AFM bilayers of 
series A and of the thermoremanent magnetic moment mTRM of the AFM-only samples 
(samples C) for different Cu dilutions. 
 
samples B) while mTRM of the AFM-only samples peaks at a higher x value (40%). There are 
at least two reasons for the lower value of the dilution corresponding to the maximum of HEB 
with respect to that of mTRM:  
a) the uncompensated moments of the AFM contribute to mTRM both a surface and a volume 
part, whereas HEB is determined by the surface part of the AFM´s uncompensated moments  
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next to the adjacent FM layer [4.1] and 
b) the basic differences between the measurement procedures for the mTRM and HEB: for mTRM, 
the measurement of the uncompensated/frustrated moment of the AFM is performed in the 
absence of an applied field, while HEB is measured in the presence of the external field and of 
the molecular field exerted by the FM layer. In the latter case, not all the frustrated spins in 
the AFM will contribute to HEB, a certain fraction will rotate reversibly with the FM layer 
during the measurement of a hysteresis loop and will not contribute to HEB [106]. With 
increasing dilution, mTRM will continue to increase due to the increasing number of 
uncompensated spins. On the other hand, HEB may decrease since the frustrated spins, having 
a lower coordination due to the increasing dilution, will be easily rotated in a reversible 
manner by the FM layer and thus do not contribute to HEB.  
The vertical shift of the FM/AFM hysteresis loop can be used to evidence the 
irreversible domain state magnetization of the AFM, as mentioned in chapter 2 of this thesis 
and also in the references [17,141]. For this purpose we have determined the vertical shift of 
the hysteresis loops of the FM/AFM bilayers of series A at different temperatures for samples 
with various Cu dilutions in the AFM. The irreversible DS magnetization mirrev was calculated 
as mirrev = (msat+ + msat−) / 2, where msat+ and msat− represent the magnetic moments of the  
 
 
Fig. 4.14: Dilution dependence of the exchange bias field HEB of the FM/AFM bilayers of 
samples A (full circle), and B (full triangle) as well as of the thermoremanent magnetic 
moment mTRM (empty circles) of the AFM-only samples (samples C). 
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FM/AFM bilayers at positive and respectively negative saturation. The obtained results for 
mirrev are plotted in Fig. 4.15 as a function of temperature and for different Cu dilutions in the 
AFM. Additionally, for comparison, we have plotted in Fig. 4.15 the temperature dependence 
of the exchange bias field HEB of the same samples. One can notice a very good qualitative 
correlation between mirrev and HEB. More interesting, from Figs. 4.13 and 4.15 the ratio 
between mTRM(T) and mirrev(T) is almost the same for x = 20%, 40%, and 50%. Since, for a 
certain Cu dilution in the AFM, HEB(T) is found to be in a qualitative agreement with mTRM(T) 
(as shown in Fig. 4.13) it becomes obviously that a similar agreement can be found between 
mTRM(T) and mirrev(T).  
These observations can be explained in a straightforward manner in the framework of 
the DS model [17] based on the conclusion above, i.e., by assuming similar domain structures 
in the FM-biased AFM as in the isolated AFM. The EB is determined by the surface moment 
of the AFM domains while the vertical shift of the hysteresis loop (mirrev) and also the  
 
   
 
 
Fig. 4.15: Temperature dependence of mirrev – (the vertical shift of the FM/AFM hysteresis 
loop) and of the exchange bias field HEB for different Cu dilutions of samples A. 
Chapter 4: Effects of nonmagnetic dilution in metallic antiferromagnets on exchange bias  
___________________________________________________________________________ 
 
___________________________________________________________________________ 
 
 - 65 -
thermoremanent magnetic moment of the AFM (mTRM) include both surface and volume 
contributions of the AFM uncompensated moments.  
 
4.2.5 Conclusions 
 
We have investigated the exchange bias properties of the NiFe/(FeMn)1-xCux bilayers 
which contain the antiferromagnet γ-Fe50Mn50 diluted by Cu. The experimental data show a 
monotonous decrease of the exchange bias field HEB with increasing temperature for all defect 
concentrations. Dilution gives rise to an enhancement of HEB at low temperatures and to a 
decrease of the blocking temperature. The temperature dependence of the coercive field HC 
changes with increasing dilution from a monotonous decrease (at low dilutions) to a non-
monotonous dependence, presenting a maximum near TB (at higher dilutions). The removal of 
the Cu buffer layer for samples B results into a decrease of the FM/AFM grain size and of 
blocking temperature as compared to samples A (with 50 nm Cu buffer). Thermoremanent 
measurements of the AFM-only samples (samples C) reveal that the temperature dependence 
of the thermoremanent magnetic moment mTRM of the AFM itself is similar to that of the 
exchange bias field HEB of the FM/AFM bilayers. Moreover, a similar qualitative agreement 
was found between the irreversible domain state magnetization mirrev and HEB. These 
observations suggest that the bulk (volume) domain state of the AFM layer plays an essential 
role in determining the exchange bias. Although exchange bias is an interfacial interaction 
between a FM and an AFM, the volume DS of the AFM controls the spin structure and the 
exchange interaction at the FM/AFM interface.  
 
4.3 Exchange bias of CoFe/(IrMn)1-xCux 
 
4.3.1 Preliminary considerations  
 
 In paragraph 4.2 we have presented the effects of dilution by Cu in the low-
anisotropy AFM γ-Fe50Mn50 on the exchange bias of NiFe/(FeMn)1-xCux bilayers. Most of the 
results obtained for the experimental system NiFe/(FeMn)1-xCux are in good qualitative 
agreement with the original DS model [17,19]. However, the metastable AFM phase of the   
γ-FeMn and the enhancement of the EB field by dilution only at very low temperatures 
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determined us to extend this study to AFMs with higher anisotropies. Moreover, the DS 
model has revealed that the EB field (HEB) as a function of AFM anisotropy shows a 
maximum at intermediate anisotropy values [84]. Taking into account all these aspects we 
chose as a proper candidate for our purpose the AFM IrMn. With an anisotropy constant of   
K = 2 x 105 J/m3, the AFM IrMn is considered to be intermediate anisotropy AFM. Beside a 
higher anisotropy constant as compared to FeMn, the AFM IrMn also has the advantage of a 
stable fcc structure. Compared to NiFe/FeMn, the CoFe/IrMn system has a higher exchange 
bias field and thermal stability (TNéel ~ 400 °C with respect to TNéel ~ 200 °C of FeMn). 
Hence, from an applied point of view, the AFM IrMn is also more suitable. In the following 
we present the structural and magnetic properties of the CoFe/(IrMn)1-xCux bilayers. The 
thermoremanent magnetization mTRM of the diluted AFM (IrMn)1-xCux and its correlation with 
the EB properties of the bilayers are discussed. 
 
4.3.2 Sample preparation and characterization 
 
A series of samples with the layer sequence Si/SiO2/Cu (15 nm)/Co70Fe30 (6 nm)/ 
(Ir22Mn78)1−xCux(10 nm)/Au(2.5 nm), (denoted as FM/AFM samples in the following), was 
deposited by molecular beam epitaxy (MBE). The deposition parameters of the FM/AFM 
samples were chosen to be the same as for the NiFe/(FeMn)1-xCux samples, discussed in 
previous section.  
The AFM IrMn has a stable fcc structure with a lattice constant of 3.71 Å. These 
structural parameters are very similar to those of the AFM FeMn, studied in section 4.2. Cu, 
with a fcc structure and lattice constant of 3.615 Å, is a good candidate as substitutional non-
magnetic impurity for the AFM IrMn.   
The layer of Cu grown on the Si/SiO2 substrate has the role of a seed layer for the 
deposition of the CoFe and IrMn layers. A seed layer helps to induce the proper crystalline 
phases of the metallic layers grown on top of it. It also helps to get a good adhesion with the 
Si/SiO2 substrate. The thickness of the Cu seed layer was kept constant for all samples (15 
nm) in order not to influence the size of the crystalline grains (different thickness of the Cu 
seed layer give rise to different sizes of the crystalline grains, as shown in paragraph 4.2). 
Structural characterization of the FM/AFM samples was performed ex situ by Atomic 
Force Microscopy. Typical microscopy images of samples with different Cu dilutions are 
shown in Fig. 4.16. The size of the images is 1x1 µm2. One can easily observe that increasing  
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Fig. 4.16: Atomic Force Microscopy images of the FM/AFM samples with different Cu 
dilutions in IrMn: (a) x = 0%, (b) x = 10%, (c) x = 20%, (d) x = 40%. 
 The size of the images is 1x1 µm2. 
 
the Cu dilution in the AFM IrMn the average AFM grain size decreases. We have estimated 
the average AFM grain size from the images of Fig. 4.16 and the results are plotted in Fig. 
4.17. The average grain size decreases significantly, from about 65 nm for the undiluted 
sample to less than 35 nm for the sample with 40 % Cu dilution in IrMn.  
These experimental results show for the first time in literature that the AFM grain size 
changes with dilution. This is in contrast with what has been supposed previously. For 
example, in Ref. [165] the presence of Pt atoms as defects in the lattice of the AFM CrMn 
was assumed not to modify the grain structure and the strain level in the AFM lattice. 
However, the difference between the lattice constants of Pt and CrMn is of about 35% which 
may intuitively give rise to a variation of the lattice constant, of the strain and of the grain size 
of the Pt diluted CrMn [165,175]. Despite of the very small difference between the lattice 
constants of Cu defects and of the AFM IrMn (about 2.5%) one can clearly observe that the 
(a) (b) 
(c) (d) 
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Fig. 4.17: Decrease of the AFM grain size of the FM/AFM bilayers with increasing 
dilution in the AFM IrMn. 
 
AFM grain size decreases significantly with increasing Cu dilution (Figs. 4.16 and 4.17). We 
mention that for the case of the Cu diluted AFM FeMn (discussed in paragraph 4.2) we have 
not checked the influence of Cu dilution on the AFM grain size. However, for that case there 
was an almost perfect matching between the lattice constants of Cu and FeMn (less that 0.3% 
difference) which should only induce a much smaller change in the AFM lattice and grain 
size. 
The crystalline orientation of the IrMn atomic planes is known to be directly 
correlated with the AFM phase of the alloy. It has been shown that only the (111) crystalline 
orientation of the IrMn layer gives rise to the AFM phase of the alloy [22,176-178]. 
Magnetic measurements were performed by SQUID magnetometry following the 
same measurement procedure used for the NiFe/(FeMn)1-xCux samples studied in paragraph 
4.2.  
 
4.3.3 Effects of Cu dilution in CoFe/(IrMn)1-xCux  
 
The exchange bias field HEB and the coercive field HC of the CoFe/(IrMn)1-xCux 
bilayers were measured for samples with different Cu dilutions in IrMn, in a temperature 
range from 5 K to 350 K. In Fig. 4.18 we plot hysteresis loops of samples with different Cu 
defect concentrations x in IrMn, measured at T = 5 K. All samples are first field cooled at 5 K 
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and then an initial hysteresis loop is performed in order to reduce the training effect [51,142]. 
From Fig. 4.18 one can clearly observe a shift of the hysteresis loops to the negative field 
direction, i.e. in the opposite direction to the positive cooling field. The magnitude of the loop 
shift or HEB is in the same range with HC. The values of HEB of CoFe/(IrMn)1-xCux bilayers are 
by a factor between 2 and 3 larger as compared to the same values for NiFe/(FeMn)1-xCux 
bilayers. As compared to the results of epitaxial Co/Co1-xMgxO [18], the CoFe/(IrMn)1-xCux 
bilayers exhibit almost the same values of HEB but smaller values of HC (by a factor of 3). 
The temperature dependence of HEB in the temperature range from 5 K to 350 K for 
samples with different Cu defect concentrations x in IrMn is plotted in Fig. 4.19. For clarity, 
only the curves for few defect concentrations are plotted in Fig. 4.19. One can observe that 
HEB decreases with increasing temperature for all Cu dilutions in IrMn. HEB decreases faster 
at lower temperatures and slower at higher temperatures. Additionally, one can see that the 
decrease of HEB with temperature becomes more abrupt at higher Cu dilutions (x > 10 %). The  
 
 
 
Fig. 4.18: Hysteresis loops of the FM/AFM bilayers measured at T = 5 K for samples  
with different Cu dilutions x. 
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blocking temperature, defined as the temperature where HEB vanishes, decreases with defect 
concentration from above 350 K for the undiluted sample to about 80 K for the sample with 
30 % dilution.  
The temperature dependence of HEB of CoFe/(IrMn)1-xCux bilayers for different 
dilutions in the AFM is similar to that of epitaxial Co/Co1-xMgxO, presented in Ref. [18] and 
to that of polycrystalline NiFe/(FeMn)1-xCux. From Fig. 4.19 one can observe that, at each  
 
 
Fig. 4.19: Temperature dependence of the exchange bias field HEB for samples with 
different Cu defect concentrations x in the AFM IrMn. 
 
temperature, HEB shows an initial enhancement as a function of dilution. In order to better 
illustrate this enhancement we have determined the HEB values for each dilution at various 
temperatures and we have plotted them in Fig. 4.20. One can see that, at each temperature in 
the range 5 K – 300 K, HEB increases with dilution, goes through a maximum and decreases at 
higher dilutions. The relative enhancement of HEB with dilution (HEB(maxim)- HEB(0%)) / 
HEB(0%) is almost constant at each temperature (about 65 % relative enhancement of HEB at  
T = 5 K and about 63 % relative enhancement of HEB at T = 300 K). Moreover, from Fig. 4.20 
one can see that the maximum of HEB shifts to lower dilutions with increasing temperature 
(HEB peaks at about 15% dilution at T = 5 K and at about 5 % dilution at T = 300 K). This can 
be explained by the decrease of the blocking temperature TB of the bilayers, as we will show 
in the following.  
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Fig. 4.20: Dilution dependence of the exchange bias field HEB of the FM/AFM 
bilayers at different temperatures 
 
The above presented dilution dependence of HEB is qualitatively similar to the results 
of epitaxial Co/Co1-xMgxO [18]. Because of the low Néel temperature of the AFM CoO (about 
294 K), the enhancement of HEB of Co/Co1-xMgxO with dilution takes place at temperatures 
lower than room temperature. Hence, the enhancement of HEB for this system cannot be used 
for applications. For the metallic system NiFe/(FeMn)1-xCux we have shown that HEB can be 
enhanced by dilution only at very low temperature (T = 5 K). The results for       
CoFe/(IrMn)1-xCux bilayers show that HEB can be enhanced by dilution in a broad temperature 
range, up to at least 350 K (the maximum temperature used for measurements). This result 
can be used to enhance the exchange bias field of the FM/AFM bilayers used for applications. 
These results are also in agreement with the DS model and suggest that this model can be 
extended to intermediate and low anisotropy metallic AFMs. However, for a realistic model 
one must take into account the properties of the metallic AFMs. 
The coercivity HC of the FM/AFM bilayers decreases with increasing temperature, as 
shown in Fig. 4.21. However, at higher Cu dilution (x ≥ 20 %), HC shows a peak at very low 
temperature. For a certain x, this peak is located below the blocking temperature of the bilayer 
(see also Fig. 4.23). Similar peaks in the temperature dependence of HC were also observed 
for the system NiFe/(FeMn)1-xCux studied in paragraph 4.2.  
The dilution dependence of HC at two selected temperatures is presented in Fig. 4.22. 
One can see that, at low temperatures, HC shows a similar dilution dependence as compared to  
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Fig. 4.21: Temperature dependence of the coercive field HC of the FM/AFM bilayers for 
various Cu dilutions x in the AFM IrMn. 
 
that observed for HEB. HC increases with dilution, exhibits a maximum and decreases at higher 
Cu concentrations (Fig.4.22(a)). However, the maximum of HC with dilution takes place at 
lower defect concentration (x = 5 %) as compared to the maximum of HEB with dilution 
(which takes place at x = 15 % for T = 5 K). At higher temperatures, the dependence of HC 
with dilution changes from a non-monotonous dependence to an almost linear decrease with 
increasing temperature (see Fig. 4.22(b). Coercivity of EB systems is usually considered to be 
a difficult and contradictory topic [52,75,110]. However, the complex behaviour of HC (both  
 
        
Fig. 4.22: Dilution dependence of the coercive field HC of the FM/AFM bilayers at two 
selected temperatures: (a) T = 5 K and (b) T = 300 K  
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for CoFe/(IrMn)1-xCux and for NiFe/(FeMn)1-xCux systems) will be discussed in the 
framework of a modified DS model in  section 4.4. 
The blocking temperature is another important characteristic of the EB systems. From 
Fig. 4.19 one can see that the blocking temperature TB decreases with increasing Cu dilution. 
We have determined the blocking temperature of the FM/AFM bilayers with different Cu 
dilutions and we plotted them in Fig. 4.23. One can see that TB decreases from about 355 K 
for the sample with 10% Cu dilution to below 50 K for the sample with 40% Cu dilution. We 
have to mention that the samples with Cu dilution lower than 10% had TB above the 
maximum temperature used in experiments (360 K) and are therefore not shown here. The 
dilution dependence of TB of the CoFe/(IrMn)1-xCux bilayers (Fig. 4.23) is very similar to that 
of the NiFe/(FeMn)1-xCux bilayers (Fig. 4.9). Despite of different Néel temperatures of the 
two AFMs (FeMn and IrMn), for the same defect concentration in the AFM , the values of TB 
of the CoFe/(IrMn)1-xCux bilayers are very close to that of the NiFe/(FeMn)1-xCux bilayers 
(samples A, with 50 nm Cu buffer layer). This observation suggests that, for samples with x ≥ 
10%, dilution is the main factor which determines the blocking temperature of the bilayers. 
The role of dilution in determining TB for bilayers with x ≥ 10% is more important than the 
Néel temperature of the AFM. 
In the following we extend the study of the influence of dilution in the AFM to the 
training effect of HEB. The training effect of HEB is defined as the decrease of HEB with the 
number of hysteresis loops measured or field reversals applied [51]. As mentioned in chapter  
 
 
Fig. 4.23: Dilution dependence of the blocking temperature TB of the FM/AFM bilayers 
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2 of this thesis, the origin of the training effect is not fully understood yet. However, it is 
commonly accepted that the reorientation of the AFM spin structure during the field reversal 
[17,179-181] and the “spin flop” mechanism [82] are the main phenomena which give rise to 
the training effect of HEB in FM/AFM bilayers. In Fig. 4.24(a) we present hysteresis loops 
successively measured at T = 5 K after field cooling of the undiluted FM/AFM sample. One 
can see a strong asymmetry of the 1st measured hysteresis loop with an almost rectangular 
shape of the descending branch of the hysteresis loop (hysteresis loops were measured 
starting from positive fields). Further hysteresis loops become symmetric and additionally 
their HEB and HC values decrease, as shown in Fig. 4.24(a). Additionally, one can see that the 
training effect mainly manifests itself in the downward branch of the hysteresis loops while 
no significant changes are observed on the upward hysteresis branch. This behaviour is 
consistent with other experimental observations from literature [87,182] and indicates that the 
two branches of the hysteresis loop follow different mechanisms of magnetization reversal. A 
similar behavior was observed for CoO/Co bilayers where coherent rotation has been 
observed at the upward branch, while domain nucleation and wall propagation has been 
assigned for the downward branch [182].  
Samples with different Cu dilution in the AFM show a similar training effect as the 
one presented in Fig. 4.24(a) for the undiluted sample. However, the magnitude of the training 
effect changes with dilution. In Fig. 4.24(b) we present the normalized values of HEB as a 
 
  
 
Fig. 4.24( a) Successively measured hysteresis loops at T = 5 K after field cooling of a 
CoFe/IrMn sample and (b) decrease of the normalized HEB values as a function of hysteresis 
cycle number n (training effect) of CoFe/(IrMn)1-xCux bilayers for different x values. 
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function of the hysteresis cycle number n for samples with different Cu dilution in the AFM. 
The values of HEB measured from successive hysteresis loops (n) are normalized to the 
corresponding value of HEB of the first hysteresis loop (n = 1) in order to easier compare the 
training effect of samples with different dilutions. From Fig. 4.24(b) one can observe that, for 
each dilution, the normalized HEB values decrease with the cycling number n. The most 
significant decrease of HEB takes place between the first and second hysteresis loop, the effect 
being significantly weaker at higher n values. Moreover, Fig. 4.24(b) shows that the training 
effect of HEB is affected by dilution. In order to better illustrate this fact, we have plotted in 
Fig. 4.25 the dilution dependence of the normalized HEB values for n = 2 (Fig. 4.25(a) and for 
n = 10 (Fig. 4.25(b)). The squares in Fig. 4.25 correspond to the experimental data and the 
lines are fits to the data. After 2 hysteresis cycles, the increase of dilution in AFM gives rise 
to a decrease in the magnitude of the training effect of HEB (see Fig. 4.25(a) (HEB(2)/HEB(1) 
increases from about 0.63 to about 0.72). At higher Cu dilutions the magnitude of the training 
effect increases slightly. The magnitude of the training effect is considered to be bigger when 
the difference between HEB(2) and HEB(1) is bigger or when the fraction HEB(2)/ HEB(1) is 
smaller. By cycling the magnetic field further up to 10 times the fraction HEB(10)/ HEB(1) 
increases at low dilutions, goes through a maximum and decreases at higher dilutions. This 
corresponds to a reduction of the magnitude of the training effect with dilution (even for high 
dilutions the value of the fraction HEB(10)/ HEB(1) is larger than the one for undiluted 
sample). Considering Fig. 4.25 (a) and (b) one can conclude that Cu dilution in the AFM 
IrMn gives rise to a reduction of the training effect of the CoFe/(IrMn)1-xCux bilayers.  
 
  
 
Fig. 4.25: Dilution dependence of the training effect of HEB after (a) two hysteresis loops  
and (b) ten hysteresis loops 
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Moreover, the most significant reduction of the training effect after cycling the magnetic field 
(2 times or 10 times) is observed for Cu dilutions of about 15%. For the same value of the Cu 
dilution (15%) HEB of the CoFe/(IrMn)1-xCux bilayers shows, at T = 5 K, a maximum as a 
function of dilution (see Fig. 4.20). Hence, one can conclude that diluting the AFM IrMn by 
Cu results in both an enhancement of HEB and in a reduction of the training effect of the 
CoFe/(IrMn)1-xCux bilayers.  
 
4.3.4 Thermoremanent magnetization of (IrMn)1-xCux 
 
We have shown in paragraph 4.2.4 for the experimental system NiFe/(FeMn)1-xCux 
that the features of HEB of the FM/AFM bilayers originate from the thermoremanent magnetic 
moment mTRM of the sole AFM layer (FeMn)1-xCux. In the following we refer to the 
thermoremanent magnetic moment of the AFM (IrMn)1-xCux. For this purpose, sole AFM  
 
 
         Fig. 4.26: Temperature dependence of the thermoremanent magnetic moment mTRM of 
the AFM series samples with different Cu dilution x. 
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layers of the type Si/SiO2/Pt(25nm)/Cu(10nm)/IrMn1-xCux(10nm)/Au(3nm) (denoted as AFM 
series in the following) were evaporated under the same conditions as we used for the 
FM/AFM series (see chapter 4.3.2). Magnetic measurements were performed following the 
same procedure as used for the AFM-only FeMn samples in paragraph 4.2.4. However, the 
field cooling of the AFM series has been performed from 350 K down to 5 K (for FeMn 
samples the field cooling was performed from 300 K to 5 K). 
The thermoremanent magnetic moment mTRM of the AFM series has been measured 
for samples with different Cu dilutions in IrMn and the results are shown in Fig. 4.26. One 
can see that mTRM decreases with temperature for all Cu dilutions and vanishes at the so called 
blocking temperature of the AFM-only Tb. The temperature dependence of mTRM shown in 
Fig. 4.26 is very similar to that of the (FeMn)1-xCux samples shown in Fig. 4.10. From Fig. 
4.26 one can also see that, at a certain temperature, mTRM varies as function of dilution. In 
order to better illustrate the dilution dependence of mTRM we have determined the mTRM values 
for different Cu dilutions and at different temperatures and we have plotted them in Fig. 4.27. 
One can easily observe that mTRM of the AFM-only increases with dilution, goes through a 
maximum and decreases at higher dilutions. The enhancement of mTRM with dilution is 
stronger at low temperatures and weaker at high temperatures. The position of the maximum 
of mTRM with dilution shifts with increasing temperature to lower dilution. A similar dilution 
dependence of mTRM was observed for the AFM-only (FeMn)1-xCux samples (see Fig. 4.11).  
 
 
Fig. 4.27: Dilution dependence of the thermoremanent magnetic moment mTRM of the AFM 
series samples at different temperatures. 
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The blocking temperature Tb of the sole AFM samples is found to depend upon 
dilution. Figure 4.28 shows the dilution dependence of Tb of the AFM series samples. One can 
see that Tb decreases with increasing dilution from about 330 K for the sample with 10% 
dilution to below 80 K for the sample with 40% dilution. The values of Tb of samples with a 
dilution lower than 10% are over 350 K (the maximum temperature used in the experiments) 
and therefore they could not be measured. From Fig. 4.26(a) one can see that mTRM of the 
undiluted AFM-only sample shows significant values at 350 K and it will probably vanish 
close to the Néel temperature of the AFM (about 400 ºC).  
 
 
Fig. 4.28: Dilution dependence of the blocking temperature Tb of the AFM series samples. 
 
Following the same procedure as in section 4.2.4 we compare the temperature and 
dilution dependence of mTRM of the AFM series and of HEB of the FM/AFM bilayers. In Fig. 
4.29 the temperature dependence of mTRM of the AFM series is shown for some selected 
dilutions in the AFM. For comparison, on the same graphs we have plotted the temperature 
dependence of HEB of the FM/AFM series for the same Cu dilutions. For each dilution one 
can see a good agreement between the temperature dependence of mTRM of the AFM series 
and of HEB of the FM/AFM series (see Fig. 4.29). This observed similarity between HEB(T) 
and mTRM(T) suggests that is the mTRM of the AFM itself which determines the temperature 
dependence of HEB in our EB system. This implies that, for a given defect concentration in the 
AFM, a similar AFM domain and spin structure could be created either by the FM/AFM 
interaction or simply by a strong external field during cooling of the sole AFM. The presence  
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Fig. 4.29: Temperature dependence of the exchange bias field HEB of the FM/AFM series    
and of the thermoremanent magnetic moment mTRM of the AFM series for                      
different Cu dilutions in the AFM IrMn. 
 
of nonmagnetic defects in the volume of the AFM give rise to and control the above observed 
EB features.  
In the context of this discussion it is interesting to compare also the dilution 
dependence of mTRM of the AFM series (Fig. 4.27) with that of HEB of the FM/AFM series 
(Fig. 4.20). A resemblance in the behavior of mTRM and HEB with increasing dilutions can be 
easily observed. However, at the same temperature the maximum of mTRM occurs at higher Cu 
dilution than the corresponding maximum of HEB. This can be attributed to: 
a) the contribution of the uncompensated moments to mTRM in both the surface and volume 
part of the AFM, whereas HEB is determined by the surface of the AFM´s uncompensated 
moments next to the adjacent FM layer and to  
b) the basic differences between the measurement procedures for the mTRM (measured in the 
absence of an applied field) and HEB (measured in the presence of the external field and of the 
molecular field exerted by the FM layer). For FM/AFM bilayers not all the uncompensated 
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moments in the AFM contribute to HEB. With increasing dilution a certain fraction of the 
uncompensated moments in the AFM rotates reversibly with the FM layer. This would give 
rise to a stronger decrease of HEB with dilution as compared to mTRM. 
In the following we compare in Fig. 4.30 the temperature at which mTRM of the AFM 
series vanishes (Tb) with that at which HEB of the FM/AFM series vanishes (TB). One can see 
a similar behavior with close values of Tb and TB as a function of Cu dilution. This is in 
support of the fact that it is the mTRM of the AFM which governs the EB in the system under  
 
 
Fig. 4.30: Dilution dependence of the blocking temperature of the FM/AFM           
series (TB) and of the AFM series (Tb) as determined from the temperature                   
dependence of HEB and respectively mTRM. 
 
consideration. The decrease of TB and of Tb with dilution is due to the contribution of two 
factors: the decrease of the AFM grain size (observed experimentally and shown in Fig. 4.16) 
and the decrease of the thermal stability of the AFM due to the loss of connectivities in the 
AFM lattice upon dilution. Similar results were found for the NiFe/(FeMn)1-xCux EB system 
discussed in section 4.2. The values of TB of the CoFe/(IrMn)1-xCux bilayers for a certain x    
(x > 10%) are almost the same with the corresponding values of TB of the NiFe/(FeMn)1-xCux 
bilayers. Since the Néel temperatures of the two AFMs differ with about 200 ºC one can 
conclude that the dilution through the mechanisms described above is the most important 
factor which determines the blocking temperature of the diluted AFM.  
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4.3.5 Conclusions  
 
We have studied the exchange bias properties of the bilayers CoFe/(IrMn)1−xCux which 
contain the metallic, intermediate anisotropy AFM IrMn. Structural characterizations of the 
bilayers show that the average grain size of the AFM layer decreases with increasing Cu 
dilution. 
Magnetic measurements show that the exchange bias field HEB of the bilayers can be 
enhanced significantly due to Cu dilution in the AFM. The enhancement of HEB upon dilution 
has been observed in a wide temperature range, from 5 K to 350 K. For the system 
NiFe/(FeMn)1−xCux the enhancement of HEB upon dilution was observed only at very low 
temperatures (T = 5 K). Hence, the AFM IrMn with an anisotropy constant larger by one 
order of magnitude than that of the AFM FeMn proved to be much more suitable for studying 
the dilution effects in the AFM. We have also shown that the training effect of HEB can be 
reduced by diluting the AFM.  
As observed also for the system NiFe/(FeMn)1−xCux, the exchange bias properties of 
the CoFe/(IrMn)1−xCux bilayers are driven by the thermoremanent magnetic moment mTRM of 
the AFM itself. This is supported by the good qualitative agreements between the temperature 
and dilution dependences of HEB of the bilayers and of mTRM of the AFM itself.  
 
4.4 Domain State Model for metallic AFMs. Simulations 
 
4.4.1 Introduction 
  
The original Domain State (DS) model developed by Nowak et al. [126] and discussed 
in chapter 2 of this thesis, has been proven to explain the most salient features of EB of the 
high-anisotropy Ising-type AFM CoO [16-18]. The exchange bias properties of the systems 
Co/Co1-yO and Co/Co1-xMgxO intentionally diluted by O (responsible for y) and respectively 
by Mg (responsible for x), such as temperature and dilution dependence, training effect, 
cooling field dependence, FM’s and AFM’s thickness dependence have been explained in the 
framework of the DS model considering the presence of defects throughout the lattice of the 
AFM [16-18]. The presence of defects leads to an irreversible DS magnetization in the AFM 
during the field cooling process of the FM/AFM bilayer. The consequence is a collection of 
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regions delimited by broken AFM bonds, which are either defects or FM (parallel) spin 
bonds, denoted by “domains”. In contact with a FM, the irreversible DS magnetization gives 
rise to the EB effect [17]. 
As mentioned above, the DS model has been developed for explaining the EB 
properties of the diluted AFM CoO. The model took into consideration the high anisotropy 
and the epitaxial structure of the AFM CoO. Moreover, an Ising-type AFM has been used in 
simulations, which enables only two in-plane (parallel or antiparallel) orientations of the 
magnetic moments. The DS model with its above mentioned restrictions is not suitable to be 
applied for explaining the EB properties of other AFMs, such as the metallic ones. The high 
anisotropy limit of the model was shown later to be no restriction of its general validity, due 
to the appearance of a maximum EB for intermediate anisotropies [120]. However, no 
attempts of adapting the DS model to other AFMs have been found in literature [19,20].   
We have shown experimentally in sections 4.2 and 4.3 that the EB properties of the Cu 
diluted AFMs FeMn and IrMn are in qualitative agreement with the DS model [19,20]. 
However, the different magnetic and structural properties of the metallic AFMs FeMn and 
IrMn as compared to those of the AFM CoO did not allow us to invoke the original DS model 
for explaining their EB properties. Instead, we have accordingly modified the DS model. For 
this purpose, we took into account the granular crystalline structure of the metallic AFMs and 
their lower anisotropies as compared to that of the AFM CoO. Moreover, we considered a 
Heisenberg-type AFM accounting for the three-dimensional rotation of the magnetic 
moments. Additionally, we considered the energy barriers upon reversal of the AFM moments 
and the thermal relaxation in the AFM.  
 
4.4.2 Implementation of the DS model for metallic AFMs 
 
Within the original DS model [17], EB at FM/AFM interfaces is due to 
uncompensated moments being irreversibly aligned in the AFM during its cooling through the 
Néel temperature in the presence of an external field. Intuitively, this statement should also 
apply to granular AFMs, like FeMn or IrMn. Thus, for a realistic interpretation of the 
exchange bias, one should not assume the AFM grains to possess a temperature independent 
uncompensated moment, like in Fulcomer and Charap’s model [105]. Instead, one must 
investigate the spin frustration occurring inside the AFM grains and their domains, due to 
their cooling in the presence of both the saturated FM and the applied field, leading to a 
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temperature dependent uncompensated moment of the AFM grains. For consistency with the 
original DS model [17], let us assume a cubic lattice structure for the AFM, the (x,y) plane 
being parallel to the AFM surface and the z-axis being oriented perpendicular to the AFM 
plane. The AFM anisotropy is considered to be uniaxial, oriented along the x-axis. These 
assumptions lead to a perfectly compensated spin structure in the (x,y) planes of the AFM 
which is intended to simulate the spin structure of the (111) planes of γ-Fe50Mn50, parallel to 
the film plane of the above investigated samples. We will show that only two assumptions 
within the framework of the original DS model, the finite value of the AFM anisotropy and 
the perfectly compensated spin structure of the FM/AFM interface, are sufficient to explain 
qualitatively our experimental results.  
The simulated AFM structure consists of Nx = Ny = 120 spins in the sample plane and 
Nz = 5 spin layers perpendicular to it. In order to interpret the temperature dependence of HEB 
and HC for the exchange coupled FM/AFM system, we first investigate the temperature 
dependence of the AFM mTRM, in the absence of the FM layer. The Hamiltonian of the AFM 
spin system is: 
( ) ∑∑∑
∈∈≠∈
⋅−−⋅−=
AFMi
ii
AFMi
iiAFM
ji
AFMji
jijiAFM ShiSKSSJH εεεε 2
,
,    (1) 
where Si is the unit vector describing the orientation of the i-th spin belonging to the AFM, the 
parameter JAFM is the (negative) exchange constant between the nearest neighbor AFM spins, 
h = hx = µHappl is the normalized applied field, µ being the spin magnetic moment, Happl is the 
external field and KAFM is the spin anisotropy constant. The AFM anisotropy is assumed to be 
uniaxial, oriented along the x axis of unit vector i. In order to simulate a lattice with a 
concentration of defects x, a fraction x of randomly selected sites was left unoccupied (ε = 0), 
while the residual sites, 1-x, carry a magnetic moment (ε = 1). In the simulations below, we 
use a time-quantified Monte-Carlo model similar to the one described in Ref. [183]. As 
compared to the Ising model used in the original DS model [17], the present model has two 
advantages: 
a) It is a Heisenberg model, able to describe the three-dimensional rotation of the spin 
moment. 
b) It takes into account the energy barriers upon rotation of the individual AFM spins and 
correlates them to the time scale of the experiment by assuming that thermal relaxation is 
governed by an Arrhenius-Néel law. 
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The values of the spin anisotropy used in the simulations are K*AFM = KAFM/JAFM = 5 
and 10. These values were chosen such that the main requirement of the numerical model 
[183], namely, nonzero energy barriers to reversal of individual spins, is satisfied. However, 
we have also performed simulations for smaller values of K*AFM, e.g., 0.1, by using a standard 
Monte Carlo algorithm and a similar behavior of mTRM(T) was found. The initial state of the 
AFM, at the lowest temperature T*LOW = kBTLOW/JAFM = 0.01 used in the simulations, is 
obtained by a previous field cooling. This starts from a temperature T*HIGH = kBTHIGH/JAFM = 
6, high enough to ensure thermal equilibrium (paramagnetism) for the AFM spin system, 
down to T*LOW which is low enough to freeze the spin structure of the AFM. The cooling 
field is h* = h/JAFM = 0.5. This procedure follows the experiment performed on the AFM-only 
(FeMn and IrMn) samples in the paragraphs 4.2 and 4.3.  
 
4.4.3 Temperature and dilution effects 
 
In Fig. 4.31 the simulated spin structure of a diluted AFM (30 % dilution) is presented at 
different temperatures during heating. Initially, the AFM is cooled down in the presence of an 
applied magnetic field. Hence, the AFM spin structure splits up into AFM domains which are 
marked respectively by the blue and green colors in Fig. 4.31. This spin structure corresponds 
also to the field cooled state of the AFMs FeMn and IrMn in the AFM-only samples. The 
blank spaces in Fig. 4.31 represent the nonmagnetic atoms (dilution) inserted in the AFM. 
Dilution promotes the formation and stabilization of the AFM domain walls. The graphs 
which are displayed in Fig. 4.31 above the AFM spin structures show the temperature 
dependence of the AFM mTRM. The thermoremanent magnetization mTRM is the sum of the 
uncompensated moments in the AFM. Initializing the AFM spin structure by field cooling of 
the AFM leads to a frozen DS with a maximum value of mTRM (see Fig.4.31(a)). With 
increasing temperature, mTRM decreases in a narrow temperature range (see Fig. 4.31(b)). 
However, the AFM domain structure remains almost unchanged. At higher temperatures (Fig. 
4.31(c)) the thermal activation in the AFM gives rise to thermally activated switchings of the 
uncompensated spins belonging to the AFM domains. This results in a partial deterioration of 
the AFM DS. At temperatures close to the blocking temperature (Fig. 4.31(d)) all 
uncompensated spins are relaxed, the AFM DS vanishes, and the system enters in the 
paramagnetic phase. Consequently, mTRM, which accounts for the uncompensated spins, 
decreases to zero.  
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Fig.4.31: Simulated AFM domain state (DS) of a 30% diluted AFM at different temperatures 
during heating. Fig. 4.31(a) shows the frozen AFM DS after field cooling. When increasing 
temperature (Fig. 4.31(b) and 4.31(c)) one observes a partial deterioration of the AFM DS. In 
Fig. 4.31(d) the AFM DS vanishes at the blocking temperature of the AFM. The red curves 
show how the mTRM of the AFM behaves with increasing temperature. 
 
We have performed simulations for various dilutions x in the AFM and the resulted 
mTRM(T) curves are shown in Fig. 4.32. At low temperatures mTRM decreases with increasing 
temperature in a narrow temperature range denoted by ∆T*b0 which is located just below the 
isolated spin blocking temperature T*bi (marked by the dashed vertical line in Fig. 4.32) that 
could be estimated by using the blocking condition [184]: 
,
/
1
****
**
bibi TTTT
dtdTdT
d
==
=τ     (2) 
where T* = kBT/JAFM, τ = 1/(2f0)·exp(K*AFM/T*) is the Arrhenius-Néel law and τ is the 
relaxation time of the isolated spin, f0 (reversal attempt frequency) is assumed as 109 s−1 
(a) (b) 
(c) (d) 
 
___________________________________________________________________________ 
 
___________________________________________________________________________ 
 
 - 86 -
[183,184] and dT*/dt is the temperature rate. In our simulations, dT*/dt = 0.05 s−1 leading to 
T*bi = 0.25 for K*AFM = 5 and T*bi = 0.5 for K*AFM = 10.   
The decrease of the AFM mTRM in the temperature range ∆T*b0 has the following 
significance: at low temperatures, below T*bi, some of the frustrated (uncompensated) spins, 
mostly those having the lowest coordination number because of the surrounding defects, start 
to undergo thermally activated spontaneous switchings. Their switching is an isolated 
phenomenon and does not lead to a collective spin switching, in other words these spins relax 
in the presence of a static field created by their neighboring frozen spins. This field effectively 
decreases the energy barriers for rotation of uncompensated spins below K*AFM corresponding 
to the isolated spins, since it favors the AFM arrangement (as opposed to their frustrated state 
before switching), leading to a range of unblocking temperatures ∆T*b0 smaller than T*bi. The 
higher is the ratio KAFM/JAFM, the closer is T*b0 (the blocking temperature of the interacting 
uncompensated spin) to T*bi. At temperatures above ∆T*b0 the AFM mTRM decreases much 
slower due to the reorientation of AFM spins which are strongly exchange coupled. The 
smaller is the defect concentration x, the stronger is the coupling and the higher is the energy 
barrier for reversal of the exchange coupled region, leading to an increase of the temperature 
T*b at which the AFM’s remanent magnetization vanishes.  
According to Fig. 4.32, with decreasing the spin anisotropy K*AFM from 10 to 5 (left 
versus right panel), ∆T*b0 shifts proportionally towards lower temperatures but T*b, which 
should be equal to the Néel temperature for x = 0, is scarcely decreased. Thus, T*b is weakly 
affected by K*AFM for small values of x and becomes more and more influenced by K*AFM 
when x increases (see Fig. 4.32). The smaller is the AFM anisotropy, the stronger is the 
decrease of T*b with increasing dilution in the AFM.  
From Eq. (2), for a temperature rate dT*/dt = 1 K/s (the same as that used in 
experiments), by using the value of the anisotropy constant of γ-Fe50Mn50 measured in Ref. 
[160], KAFM = 1.35 x 104 J/m3, and by taking into account its fcc lattice constant aFeMn = 3.625 
Å, one can estimate the isolated spin blocking temperature Tbi = 6.67 x 10−4 K.  
The above theoretical results agree well with the experimental results presented in 
sections 4.2 and 4.3. One can recognize a good qualitative agreement between the calculated 
mTRM(T) curves from Fig. 4.32 (for temperatures above ∆T*b0) and the experimental mTRM(T) 
curves for the AFM FeMn (Fig. 4.10) and IrMn (Fig. 4.26). The lowest available temperature 
in our experiments being 5 K, it becomes obviously why we could not observe experimentally 
the saturation of the AFM mTRM occurring within the temperature range ∆T*b0. In all our 
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Fig.4.32: Simulated temperature dependence of the mTRM of the AFM for two values of the 
AFM anisotropy KAFM/JAFM =10 (left panel) and 5 (right panel), for different values of the 
defect concentration x (Ntotal = NxNy); dashed line corresponds to the isolated spin blocking 
temperature kBTbi*/|JAFM|. 
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experiments the temperature range is above ∆Tb0. A direct comparison of the ∆Tb0 values for 
the AFM FeMn and for the AFM IrMn is not easy, since these temperatures are much lower 
than the lowest available temperature in experiments. However, according to our simulations, 
we expect that ∆Tb0 and implicitly Tbi are higher for the AFM IrMn as for the AFM FeMn. 
This is due to the higher anisotropy of IrMn as compared to that of FeMn (while a Tbi value of 
about 10-3 K was estimated for FeMn, we expect a value of about 10-2 K for the Tbi of IrMn). 
Figure 4.32 shows also that T*b does not change significantly with AFM anisotropy. 
Experimentally, we observed a similar effect: the blocking temperatures of the diluted FeMn 
are almost the same as those of the diluted IrMn (see Fig. 4.12 and Fig. 4.28). The various 
factors which may influence the blocking temperature of the AFM (such as dilution, AFM 
anisotropy, Néel temperature, grain size) do not allow for a quantitative comparison of the 
experimental and numerical results concerning the blocking temperature of the diluted AFM. 
From Fig. 4.32 one can easily deduce the existence of a maximum of the mTRM as a 
function of defect concentration x at temperatures higher than T*bi. A similar maximum of the 
mTRM as a function of defect concentration x was observed experimentally both for FeMn 
(Fig. 4.11) as well as for IrMn (Fig. 4.27). The presence of this maximum is the result of the 
competition between three phenomena. With increasing x: 
• the number of uncompensated moments in the AFM increases; this leads to an 
increase of the AFM total uncompensated moment and, thus, to an increase of the 
mTRM. 
• the thermal stability of the AFM spins decreases because of the missing AFM bonds; 
this favors the paramagnetic state of the AFM spins, leading to a decrease of blocking 
temperature (at which the AFM mTRM vanishes) and to a shift of the mTRM curve 
towards lower temperatures. 
• the total number of AFM spins decreases; this leads to a decrease of the AFM 
sublattice saturation moment and also of the mTRM. 
 
For comparison, the AFM CoO has KAFM = 108 erg/cm3, the fcc lattice constant is a = 4.254 
Å, leading to a spin blocking temperature Tbi = 0.52 K (the notations without star (*) are for 
the non-normalized values). There is experimental evidence indicating an abrupt decrease of 
the CoO mTRM in the temperature range of 5 – 25 K (Ref. [185]) which could be explained 
based on the above arguments by assuming that Tbi has some dispersion around the above 
value. This dispersion could be caused by a distribution of either KAFM or JAFM. 
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4.4.4. Grain size and dilution effects 
 
In the experiments of the AFM FeMn we have prepared samples with different AFM 
grain sizes by varying the thickness of the Cu seed layer (50 nm vs. 0 nm Cu seed layer – see 
paragraph 4.2). It was found that samples with a 50 nm-Cu seed layer have larger AFM grains 
as compared to the ones without a Cu seed layer.  
In order to compare the effect of the AFM grain size with that of the defect 
concentration on the AFM mTRM, we have assumed in the simulation a granular AFM 
structure having Nz = 5 and three sizes of the grain in the (x, y) plane, Nx = Ny = 10, Nx = Ny = 
3, and Nx = Ny = 2. The anisotropy constant of the AFM grains was K*AFM = 10. In Fig. 4.33 
the calculated mTRM curves of the granular AFM are presented for different values of the 
defect concentration x. One can notice that decreasing the AFM grain size for a particular 
value of x leads to a decrease of T*b. Additionally, there is a similar change in shape of the 
mTRM curve with decreasing the AFM grain size as that produced by an increase of the defect 
concentration x for a particular grain size (see Fig. 4.33). The decrease of the AFM grain size 
also gives rise to an enhancement of mTRM below T*b. As shown in Fig. 4.33, the 
enhancement of mTRM extends to higher temperatures for low defect concentration. With 
increasing x the T*b decreases and the enhancement of mTRM upon reducing the AFM grain 
size is restricted to very low temperatures (below T*bi).  
Experimentally, we have measured and shown in section 4.2 the exchange bias field 
HEB of the NiFe/(FeMn)1-xCux bilayers of series A (with large AFM grains) and of series B 
(with smaller AFM grains). The similarity between the HEB(T) and mTRM(T) curves (shown in 
Fig. 4.13) allows us to qualitatively compare the theoretical results of mTRM with the 
experimental results of HEB of the FM/AFM bilayers. Figure 4.9 clearly illustrates that, for a 
certain dilution in the AFM, the decrease of the AFM grain size for the samples without Cu 
seed layer (series B) gives rise to a decrease of the blocking temperature, in agreement with 
our Monte Carlo simulations. However, in contrast to the simulations we have not observed 
an enhancement of HEB with decrease of the AFM grain size. For explaining this, we remind 
that the simulations predict this enhancement at temperatures around T*bi and that the lowest 
temperature used in experiments is higher than T*bi. Hence, this enhancement is outside of the 
temperature range used for measurements and cannot be observed. 
In the above simulations we have assumed that the AFM grain size does not change 
with dilution. The AFM grain size and the dilution were treated as two independent 
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Fig. 4.33 Calculated temperature dependence of the AFM mTRM for three different AFM grain 
size values and for different defect concentrations x in the AFM 
 
parameters that were also adjusted independently. For the EB system NiFe/(FeMn)1-xCux we 
have found that Cu atoms create a very small lattice mismatch (of less than 0.3%) in the 
FeMn lattice. Moreover, Cu and FeMn have a similar fcc crystalline structure. Hence, one can 
assume that Cu dilution does not induce any substantial modification of the AFM (FeMn) 
grain size. However, for the EB system CoFe/(IrMn)1-xCux (lattice mismatch of about 2.5%) 
we found that Cu dilution gives rise to a substantial reduction of the AFM grain size (see Fig. 
4.16). The decrease of blocking temperature upon dilution may be faster for the 
CoFe/(IrMn)1-xCux bilayers as compared to the NiFe/(FeMn)1-xCux bilayers. This is due to the 
contribution of both effects (increased dilution and reduced AFM grain size) at the decrease 
of blocking temperature. 
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4.4.5 FM/AFM interaction 
 
Up to this point we have discussed the thermoremanent magnetization mTRM of a 
diluted AFM. In the next we will concentrate on the exchange interaction between a FM and 
an AFM layer which give rise to exchange bias. The simulated system consists of a FM layer 
in contact with an AFM layer. The magnetization reversal mechanism in the FM layer was 
assumed to take place via coherent rotations [55]. The FM was assumed to be a monolayer of 
spins and its grain size in the (x,y) plane was assumed to be the same as for the AFM. This is 
in agreement with the experiment where the FM and AFM layers with very similar structural 
characteristics show a columnar grow. In order to keep things simple, the interactions 
between the grains in both, the FM and the AFM layers, were neglected. By considering only 
one pair of exchange coupled FM/AFM grains, the Hamiltonian is: 
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where Ntotal = NxNy, 0S  is the unit vector describing the orientation of the FM spins, 
constrained to rotate in the (x,y) plane in order to account for the FM demagnetization field, i 
and j are the unit vectors of the Ox and Oy axes, respectively, JINT is the exchange constant 
characterizing the interaction at the interface between the FM and the AFM spins, KFM is the 
FM spin anisotropy, assumed uniaxial and parallel to the AFM spin anisotropy axis, both 
being oriented along the x direction in the sample plane, and h is the normalized applied field 
assumed parallel to the FM/AFM common easy axis direction. The size of the spin system 
used in the simulations is Nx = Ny = 120, Nz = 5. The meaning of the terms of Eq. (3) is: the 
first term describes the exchange interactions between the FM and AFM spins, the second 
term describes the exchange interactions in the AFM alone, the third and fourth terms are the 
anisotropy terms corresponding to the FM and respectively the AFM and the last two terms 
are the Zeeman’s terms describing the effect of the applied magnetic field.  
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Figure 4.34 shows the simulated normalized EB field heb (heb = µHeb/|JAFM|, where µ is 
the local (Mn) magnetic moment) of an FM/AFM bilayer for different dilutions in the AFM 
as a function of temperature normalized by |JAFM|. The parameters used in the simulation are 
JINT/JAFM = -1, K*AFM = KAFM/JAFM = 10 and K*FM = KFM/JAFM = 0.01. The FM/AFM bilayer is 
cooled down from a temperature kBT/JAFM = 6.0 which is above the Neél temperature of the 
AFM. As a consequence, the AFM will end up in a DS state as shown for example in Fig. 
4.31(a). At very low temperatures the DS state is frozen and consequently a plateau in the 
temperature dependence of heb is observed (Fig. 4.34). By increasing the temperature one can 
see that heb shows firstly an abrupt decrease in a narrow temperature range followed by a 
slower decrease at higher temperatures. This behavior is very similar to that of the mTRM of the 
AFM itself, as illustrated in Figs. 4.32(a)-(d). As mentioned above for the case of AFM-only 
simulations, the abrupt decrease of heb is given by the thermally activated switchings of the 
isolated, uncompensated spins in the AFM. These frustrated spins have a low coordination 
number because of surrounding defects and undergo thermally activated switchings at very 
low temperatures, giving rise to the decrease of heb. At higher temperatures the decrease of heb 
is due to the thermally activated switchings of the AFM spins which are strongly exchange 
 
 
Fig. 4.34:  Simulated temperature dependence of the exchange bias field heb = µHeb/|JAFM| of 
a FM/AFM bilayer for different dilutions x in the AFM. The dashed line corresponds to the 
isolated spin blocking temperature kBT*bi/|JAFM|. 
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coupled within the AFM. 
A qualitative similar temperature dependence of the EB field (with an abrupt decrease 
at low temperatures followed by a smaller decrease at higher temperatures) was observed 
experimentally for the NiFe/(FeMn)1-xCux and CoFe/(IrMn)1-xCux samples, as shown in Fig. 
4.5 and 4.19, respectively. However, as discussed in section 4.4.3, the isolated spin blocking 
temperature Tbi of our AFMs (about 10-3 K for γ-Fe50Mn50) is lower than the lowest 
temperature used in the experiment (5 K). Hence, we were not able to see the whole abrupt 
decrease of the measured EB field. The abrupt decrease of the EB field at very low 
temperatures is more clearly observed for CoFe/(IrMn)1-xCux bilayers as compared to 
NiFe/(FeMn)1-xCux (see Figs. 4.5 and 4.19). This is probably due to higher anisotropy of the 
AFM IrMn which gives rise to a higher value of Tbi. This observation agrees with the Monte 
Carlo simulations. 
By comparing Fig. 4.34 with Figs. 4.32(a)-(d), one can notice that both the 
temperature range ∆T*b0 above which heb undergoes an abrupt decrease and T*b where heb 
vanishes are close to the corresponding values for the mTRM of the isolated AFM. The same 
conclusion came out from our experimental observations from sections 4.2 and 4.3, where, it 
was shown that for a certain x the FM/AFM bilayers have almost similar blocking 
temperatures as the sole AFM layers.  
Figure 4.35 shows a qualitative comparison between the calculated and experimental 
temperature and dilution dependence of the EB field. The experimental results correspond to 
the CoFe/(IrMn)1-xCux. For this comparison we have plotted the numerical results in a 
temperature range which corresponds to that of the experimental results. One can observe a 
very good qualitative agreement between the experimental and simulated curves. Comparing 
the three calculated curves in Fig. 4.35 an enhancement of heb is obtained by increasing the 
dilution from x = 30 % to x = 50 % for kBT/⎥JAFM⎥ < 1.0 (T < 100 K in the experiment; see 
inset). The enhancement of heb is limited in Fig. 4.35 to relative small temperatures. This 
might be due to missing calculated curves for other intermediary defect concentrations (i.e. 
for x = 35%, 40%, 45%). The dilution dependence of heb exhibiting a maximum is determined 
by the competition between the enhanced DS magnetization (mTRM) due an increasing number 
of uncompensated AFM moments and the decrease of the blocking temperature. The decrease 
of the blocking temperature with increasing dilution is caused by the decrease of thermal 
stability of the AFM due to the loss of connectivities in the AFM lattice. At higher dilutions 
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Fig. 4.35: Simulated temperature dependence of the exchange bias field heb of a FM/AFM 
bilayer for different dilutions x in the AFM. The inset shows the experimentally observed 
exchange bias field HEB(T) of CoFe/(IrMn)1−xCux for different dilutions x. 
 
the increasing number of missing AFM bonds causes the observed decrease in the simulated 
blocking temperature and in heb at, e.g., x = 70%. The decrease of the AFM grain size, 
observed experimentally for CoFe/(IrMn)1−xCux bilayers, contributes to the decrease of 
blocking temperature as well. The increase of dilution and the reduction of grain size produce 
a similar effect on the EB field and on the blocking temperature, as shown above for mTRM. 
We mention that the defect concentrations for the experimental curves are 
systematically smaller than for the simulated ones (see Fig. 4.35). Such differences are 
commonly found between simulated and experimental results [16,17,19]. They are believed to 
be due to the combined contributions of the AFM grain size, the preexisting lattice defects 
inside the AFM grains and the AFM grain exchange coupling which was neglected in the 
Monte Carlo simulations [19]. 
We discuss in the following the temperature and dilution dependence of the coercive 
field. The simulated temperature dependence of the normalized coercive field hc = µHc/|JAFM| 
of a FM/AFM bilayer is shown in Fig. 4.36 for different defect concentrations in the AFM. hc 
shows a temperature dependence with a two-maximum structure (see x = 30% curve). The 
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first maximum occurs in the temperature range ∆T*b0 and the second one in the vicinity of T*b. 
The separation between these two maxima is more obvious for low values of x (x = 30 % in 
Fig. 4.36), while for high values of x, the two maxima partially overlap. This two-maximum 
structure can be explained as follows: at small defect concentration x, the number of AFM 
spins relaxing in ∆T*b0 is small, which is evidenced by a small decrease of heb in this 
temperature range (see Fig. 4.35). In this case, the maximum of hc occurring in the vicinity of 
T*b is more important than that in ∆T*b0 and dominates the shape of hc(T) curve. If one recalls 
that for FeMn the lowest measurement temperature TLOW is higher than Tbi (6.67 x 10-4 K)  
 
 
Fig. 4.36: Simulated temperature dependencies of the coercivity hc of an FM/AFM bilayer for 
different values of the defect concentration x: 30 % (S), 50 % (z), 70 % (), 90 % (); 
dashed line corresponds to the isolated spin blocking temperature kBT*bi/|JAFM| 
 
which is also higher than ∆Tb0, the measured hc(T>TLOW) is expected to have a non-
monotonous trend, with a maximum at about Tb (the notations without star (*) are for the non-
normalized values). With increasing x, the maximum of hc(T) in ∆T*b0 increases in magnitude, 
due to the increasing number of uncompensated spins. At the same time, the maximum at T*b 
is also increasing in magnitude and approaches the one in ∆T*b0 since T*b is decreasing while 
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∆T*b0 is almost independent of x. Thus, for x= 30-50 % one passes through a situation where 
the two maxima have similar amplitudes and overlap into a single flat maximum. 
Consequently, for FeMn, the measured HC (T>TLOW) is expected to have a monotonously 
decreasing trend (in the temperature range used for measurements). With further increase of 
the defect concentration, the maximum at T*b becomes again dominant and hc presents again a 
non-monotonous temperature dependence with one maximum close to T*b. Experimentally, 
we have observed for the NiFe/(FeMn)1-xCux bilayers that the trend of HC(T) for the samples 
A undergoes a transition from monotonous to non-monotonous with a maximum at TB in the 
defect concentration range x= 0-20 % (see Fig. 4.5). This is only in partial agreement with our 
Monte Carlo simulations. In the experiments for low defect concentrations the coercivity 
behavior is different from the one obtained from the simulations. According to our 
simulations for low defect concentrations, we should observe an increase of HC with a 
maximum close to TB. Instead, with increasing temperature we have observed for low defect 
concentrations a monotonous decrease of HC. This disagreement could be explained by the 
existence of some intrinsic defects in the lattice of the AFM grains (prior to Cu insertion). 
This would give rise to a higher defect concentration in the AFM and consequently the HC(T) 
dependence will be closer to that simulated for x = 50% (Fig. 4.36). In this case the 
simulations for T > TLOW predict a broad maximum of hc followed by a decrease at higher 
temperatures. This corresponds to what we have observed experimentally for the 
NiFe/(FeMn)1-xCux bilayers, as shown in Fig. 4.5.  
Another factor which can influence the hc(T) dependencies in our Monte Carlo 
simulations is the small AFM grain size. In the simulations above the AFM grain interactions 
were assumed to be negligible. However, the AFM grain exchange interaction can influence 
the fast relaxation at low temperatures and can extend the temperature range corresponding to 
the fast relaxation well above T*b (via the exchange coupling between the uncompensated 
spins on the surface of the grains). Moreover, the AFM grain exchange interactions can 
enhance the spin frustration on the surface of the grains, similarly to the effect of a higher 
value of x. The combined contributions of these interactions may be at the origin of the small 
differences between the calculated and measured temperature dependencies of the coercivity. 
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4.4.6. Conclusions 
 
We have adapted the original DS model in order to describe the EB properties of metallic, 
polycrystalline AFMs with low and intermediate anisotropies, such as γ-Fe50Mn50 and 
Ir22Mn78 respectively. For this purpose we used in our Monte Carlo simulations a Heisenberg 
type AFM which accounts for three-dimensional rotations of the magnetic moments. The 
granular structure of the AFM, the energy barriers upon reversal of the AFM moments and the 
thermal relaxation in the AFM were included in the model in order to simulate the metallic 
AFMs FeMn and IrMn. Our simulations show that both the volume mTRM of a diluted AFM 
and the EB field of a diluted FM/AFM bilayer undergo abrupt decreases below the isolated 
AFM spin blocking temperature and have similar temperature and dilution dependencies. 
Both, mTRM of the AFM and the EB field of the FM/AFM bilayer show maxima as a function 
of dilution. This is the result of an increasing number of uncompensated spins upon dilution. 
On the other hand, the broken AFM bonds and the decrease of thermal stability with 
increasing dilution give rise to a reduction of the blocking temperature. The coercivity of the 
FM/AFM bilayers presents a two-maxima structure, one occurring below the blocking 
temperature of the isolated spins and the other at the blocking temperature of the FM/AFM 
bilayer (where the EB field vanishes). This result can explain the experimental temperature 
dependence of coercivity for different dilutions in the AFM. 
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Chapter 5 
Thermal relaxation effects on exchange biased 
systems 
 
5.1 Introduction 
 
Thermal relaxation effects in exchange biased bilayers have been intensively studied 
over the past years. The interest in this topic is driven by the industrial applications of 
exchange biased ferromagnetic/antiferromagnetic (FM/AFM) bilayers in giant 
magnetoresistance (GMR) sensors, spin-valve read heads and magnetic memory devices. 
Since the temperature of these devices increases during operation, the thermal stability of the 
exchange biasing is an important factor which must be taken into account. Most of the AFMs 
used in applications, such as Mn based AFMs (IrMn, FeMn, NiMn, PtMn, CrPdMn), provide 
high values for the exchange bias fields (HEB) at room temperature but exhibit a rather broad 
distribution of blocking temperatures. The origin of such a broad distribution lies mostly in 
the polycrystalline nature of the films, resulting in weakly exchange-coupled grains due to the 
frustrated antiferromagnetic interactions at the grain boundaries. Each grain, therefore, 
behaves like an isolated particle with its own blocking temperature TB, which is believed to be 
strongly grain-size dependent.  
A theoretical interpretation of thermal effects in polycrystalline exchange biased 
FM/AFM bilayers was firstly proposed by Fulcomer and Charap [104,105] in terms of a 
blocking temperature model based on the Néel-Brown theory of relaxation in single-domain 
particle systems. In their model, the AFM was assumed to be a collection of single-domain 
grains, in which all the spins are collectively switching by coherent rotations [55].  The AFM 
grains were assumed to possess a temperature independent uncompensated interfacial moment 
due to the different contribution of the AFM sublattices to the FM/AFM interface. According 
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to this model, each grain has a blocking temperature TB. Below TB, the uncompensated 
moment of the AFM grain is frozen (it cannot switch in a reverse field) and preserves the 
orientation of the FM moment during its cooling below TB. For temperatures lower than TB 
the AFM uncompensated moment contributes only to the exchange bias. If all the AFM grains 
are blocked, the coercivity is the same as that measured for the sole FM. At temperatures 
close to TB, the relaxation time of the AFM grain is short enough to allow the AFM surface 
moment to follow the FM moment in an irreversible manner, thus adding a loss mechanism 
and increasing the coercivity of the FM. For temperatures higher than TB, the AFM spins 
reach thermal equilibrium (paramagnetism). In this case, the AFM moments follow the FM 
moment in a reversible manner and the coercivity approaches again that of the FM film. 
Experimentally, Tsang and Lee [186] showed for a NiFe/FeMn system that the 
exchange bias field is the sum of a set of contributions of individual ordering temperatures. 
Using a special cooling procedure, they were able to isolate “components” with various 
ordering temperatures. Although they did not associate these “components” with grains or 
domains in the AFM, they suggested the existence of a blocking temperature distribution in 
exchange biased systems.   
Another initial work concerning the blocking temperature distribution in exchange 
biased systems was reported by Soeya et al. [187]. Using a special measurement procedure 
(shown in Fig. 5.1) they proved the existence of a variety of exchange paths in exchange 
coupled NiFe/NiO bilayers. The exchange bias was initially set by cooling from the Néel 
temperature of the AFM NiO down to room temperature (RT) in the presence of a negatively 
oriented applied field –Hset, high enough to orient the FM layer along its direction. Then, the 
investigated film was heated at the preset temperature Tp = 90 - 250 ºC and subsequently 
cooled down to RT in the presence of a positively oriented magnetic field Hset (see Fig. 5.1). 
The resulting exchange bias field Hex||, measured at RT (marked by the “x” symbols in Fig. 
5.1), shows a transition from positive to negative values. The change of sign of Hex|| is due to 
the thermal activation of the exchange paths with successively higher local blocking 
temperatures. Cooling down the exchange paths from the preset temperatures Tp to the 
measurement temperature in the presence of the reversed field it results in a reversed 
orientation of the exchange paths with local blocking temperatures lower than Tp. A schematic 
illustration of the state of exchange paths with different blocking temperatures is shown in 
Fig. 5.2. The amount of exchange paths having higher local blocking temperatures than Tp 
decreases with increasing Tp, while the amount of exchange paths having local blocking  
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Fig. 5.1: Measurement procedure of the blocking temperature distribution used by Soeya et 
al. [187] for NiO/NiFe bilayers. The films were heated at different preset temperatures and 
subsequently cooled down to room temperature in a magnetic field oriented antiparallel with 
respect to the initial exchange bias field direction. Here, Hex represents the exchange bias 
field, similar to HEB used in text. From Ref. [187]. 
 
temperatures lower than Tp increases. Each exchange path produces its own local 
unidirectional anisotropy and different local blocking temperature. The measured exchange 
coupling could be considered as the sum of the contributions of individual exchange paths, 
each with its own local blocking temperature. The “x” symbols in Fig. 5.1 define the Hex|| vs. 
Tp curve, which describes the thermally activated reversals of the exchange paths with 
successively higher blocking temperatures. The derivative of the Hex|| vs. Tp curve with 
respect to Tp represents the blocking temperature distribution of the exchange paths. Hence, 
one needs to measure firstly the Hex|| vs. Tp curve in order to determine the blocking 
temperature distribution. The blocking temperatures of the exchange paths of a NiO/NiFe 
bilayer were found to be widely distributed, ranging from RT to about 230 ºC, with the 
maximum existence probability at about 215 ºC [187]. This indicates that the exchange paths 
having the local blocking temperature of 215 ºC made the largest contribution to the exchange 
coupling field at room temperature. The authors suggested that the variety of exchange paths 
was caused by interface disorder and fluctuations in the atomic arrangement at the FM/AFM 
interface.  
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Fig. 5.2: Schematic illustration of the state of exchange paths with different local blocking 
temperatures after cooling in a reversed field. From Ref. [187].  
 
 Recently, Nozières et al. [188] have studied the blocking temperature distribution and 
the long-term stability of the Mn-based AFMs used in spin valve structures. Using a similar 
measurement procedure such as that used by Soeya et at. [187,189], they found a blocking 
temperature distribution dependent on the applied field. Using fields large enough to fully 
reverse the pinned FM layer, the AFM NiMn and PtMn showed little components of the 
blocking temperature below 150 ºC, whereas both AFMs IrMn and CrPdMn exhibited 
important low-temperature (50-150 ºC) trailing edges of the distribution. They suggested that 
the width of the blocking temperature distribution may indicate widely distributed 
magnetocrystalline anisotropies and/or grain sizes. A similar conclusion concerning the 
relationship between the width of the blocking temperature distribution and the dispersion of 
the AFM grain size comes from a recent study of Soeya et al. [189]. 
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Other studies concerning thermally assisted decay of exchange bias for various AFMs 
were reported by Carey et al. [190] as well as by Paetzold et al. [191].  
 Thermal relaxation phenomena in FM/AFM bilayers such as thermal activations over 
energy barriers in the AFM (IrMn) have been investigated by the group of Prof. O’Grady in 
various publications [192-199]. Most of these reports discuss the influence of thermal 
activation of AFM grains on the exchange bias and coercivity of CoFe/IrMn bilayers in a 
temperature range between 77 K and 373 K. Similar studies of the blocking temperature 
distribution in epitaxial Co/CoO bilayers have been performed by Ghadimi et al. [152,200]. 
They found that the blocking temperature distribution of the epitaxial Co/CoO bilayers 
measured at T = 5 K has a two maxima structure, one maximum occurring at about 30 K and 
the second one in the vicinity of the Néel temperature of the AFM CoO (293 K). The low 
temperature maximum has been attributed to the isolated spins in AFM and/or small 
crystalline grains which undertake thermally activated reversals at low temperatures. The 
maximum in the blocking temperature distribution near the Néel temperature of the AFM 
CoO may be given by the contribution of the AFM domains which switch the orientation in a 
reverse field at temperatures close to the Néel temperature of the AFM CoO (293 K). Diluting 
the AFM CoO by nonmagnetic defects it results in a broadening of the blocking temperature 
distribution. This has been associated with a broadening of the AFM domain size distribution.  
 In the following we present some thermal effects that we have observed in CoFe/IrMn 
bilayers at low temperatures. The influence of different measurement parameters on thermal 
activation of AFM grains in the AFM IrMn and on the blocking temperature distribution of 
the bilayers is discussed. The effect of the AFM grain size distribution on the blocking 
temperature distribution in CoFe/IrMn bilayers is also investigated.  
 
5.2 Blocking temperature distribution in CoFe/IrMn bilayers 
 
Most of the results reported in literature concerning the thermal effects and the 
blocking temperature distribution in FM/AFM exchange biased bilayers are measured at room 
temperature. In the following we investigate the thermally activated reversals of the AFM 
grains and the blocking temperature distribution in CoFe/IrMn bilayers at low temperatures (5 
K and 80 K).  
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The samples studied in this chapter are bilayers of CoFe/IrMn. First we investigate a 
sample with the following layer sequence: Si / SiO2 / Cu(15 nm) / CoFe(6 nm) / IrMn (10 nm) 
/ Au (2.5 nm). This is the undiluted sample of the FM/AFM series presented in section 4.3.2 
of chapter 4. As we have shown in chapter 4, this sample is polycrystalline of mean grain 
diameter about 65 nm.  
 
5.2.1 Measurement procedure 
 
In order to study the thermally activated reversal of the AFM grains and their blocking 
temperature distribution at low temperatures we used a measurement procedure, similar to 
that of Refs. [192-199]. The sample (grown in the presence of a magnetic field) was heated up 
at 370 K for 30 min. in the presence of a magnetic field Happl = 1 T acting along the same 
direction as the magnetic field applied during the deposition. Subsequently, the sample is 
cooled down to the measurement temperature Tmeas = 5 K in the presence of Happl. This  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.3: Sketch of the measurement procedure of the thermally activated reversals of the 
AFM grains. Step 1 corresponds to the initial field cooling process of the FM/AFM bilayer. 
Step 2 corresponds to the heating of the bilayer in a reversed field Hrev at a certain activation 
temperature Ta; ta is the waiting time at Ta. Step 3 is characterized by the cooling process in 
the reversed field from Ta to the measurement temperature (Tmeas = 5 K), where a 
 hysteresis curve is measured. 
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procedure, referred to as AFM reset in the following, has the role of resetting the state of the 
AFM. In other words, the AFM reset procedure is performed in order to ensure a known and 
always the same initial state of the AFM before each measurement. Due to the positive 
magnetic field (1 T) applied during the cooling down of the sample a negative HEB is 
established in the FM/AFM bilayer at the measurement temperature (Tmeas = 5 K). The initial 
field cooling process is defined as step 1 in Fig. 5.3, which describes intuitively the 
measurement procedure. The measurement temperature was chosen Tmeas = 5 K in order to 
minimize the thermal activation effects which can appear in the AFM during the magnetic 
measurements. After step 1 the magnetic field is reversed in the negative direction (Hrev). 
Subsequently, the temperature is raised to the thermal activation temperature Ta. This is 
defined as step 2 in Fig. 5.3. After waiting a certain time ta at Ta the sample is cooled down 
again to Tmeas = 5 K in the presence of Hrev. This is defined as step 3 in Fig. 5.3. At the 
measurement temperature Tmeas = 5 K a hysteresis loop is measured. The new value of HEB 
measured at Tmeas = 5 K (but affected by the thermally activated reversals of the AFM grains 
at Ta) is indicated by the dashed arrow at the end of step 3 in Fig. 5.3. The AFM state is then 
reset as mentioned above and the procedure is repeated for a higher value of Ta. The resulting 
curve HEB(Ta) will be referred in the following to as the exchange bias reversal curve. As 
shown intuitively in Fig. 5.3, the HEB(Ta) curve begins with negative values of HEB (for low 
values of Ta) and ends with positive values of HEB (for large values of Ta). 
 
5.2.2 Blocking temperature distribution measured at 5 K 
 
Using the measurement procedure described above, we measured the exchange bias 
reversal curve at Tmeas = 5 K after the sample was exposed to thermal activation at various 
temperatures Ta, ranging from 5 K to 360 K. This procedure was repeated for different values 
of the reversed magnetic field Hrev. Fig. 5.4 shows hysteresis loops measured at Tmeas = 5 K 
after the thermal activation of the bilayer at different temperatures Ta in a reversed field     
Hrev = -500 Oe. The hysteresis curves corresponding to Ta = [5 - 65K] are almost similar, 
showing negative and constant HEB values (see Fig. 5.4 for Ta = 65 K ). For Ta = 80 K the 
hysteresis loop shifts towards positive fields, it broadens and becomes asymmetric.  The new 
value of HEB is positive. For larger Ta values the hysteresis loops shift more towards positive 
fields showing larger positive HEB values.  
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Fig. 5.4: Hysteresis loops of a CoFe/IrMn bilayer measured at 5 K after thermal 
activation at different temperatures Ta. The value of the reversed field was Hrev = -500 Oe. 
 
Figure 5.5 shows the dependence of the exchange bias field HEB (exchange bias 
reversal curves) and coercive field HC on the activation temperature Ta of the CoFe/IrMn 
sample for different values of Hrev. The time ta spent at Ta is 15 min. for all measurements. 
The first data point of each curve from Fig. 5.5 corresponds to an activation temperature of 5 
K. In other words, after the AFM reset procedure, at 5 K, the magnetic field is reversed for 15 
min. and subsequently a hysteresis loop is measured. One can see that even at Ta = 5 K large 
Hrev fields give rise to a reduction in the magnitude of HEB. When exposing the sample at 
higher Ta, HEB remains negative and almost constant for values of Hrev as small as -100 Oe. 
Coercivity HC shows a very similar behavior to that of HEB. For Hrev = -300 Oe, HEB and HC 
show a different behavior. HEB is constant up to Ta values of about 130 K. At Ta values of 
about 150 K, HEB switches abruptly the sign from negative to positive. The absolute values of 
HEB are equal, before and after the sign switch. However, after the sign switch, HEB increases 
further for larger values of Ta and reaches at 330 K values by about 20% larger than those 
before the sign change. Apparently, this shows that a better orientation of the AFM 
uncompensated spins is set during the thermal activation processes in the reversed field than 
during the initial cooling of the sample. However, the first data point (for Ta = 5 K) of each 
curve in Fig. 5.5 is not a good reference for comparing the maximum absolute values of HEB  
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Fig. 5.5: (a) Exchange bias reversal curves and (b) dependence of coercive field HC on the 
activation temperature Ta for different values of the reversed field Hrev. The time ta  
spent at Ta was 15 min. for all measurements. 
 
(before and after the sign change). The data points for Ta = 5 K are affected by Hrev which 
reduces the values of HEB as compared to those measured directly after the AFM reset process 
(without reversing the magnetic field). At larger values of Hrev, HEB switches the sign from 
negative to positive at lower values of Ta (see Fig. 5.5(a)). For example, for Hrev ≤ -2500 Oe, 
HEB changes its sign at temperatures below 20 K. The behavior of HC is almost similar to that 
of HEB. Coercivity shows an enhancement for values of Ta close to those for which HEB 
changes its sign. For larger values of Ta, HC remains almost constant and shows values which 
are larger than those measured after the initial AFM reset procedure. 
The dependence of the exchange bias reversal curves HEB(Ta) on the magnitude of Hrev 
(Fig. 5.5(a)) is very important and has to be well understood in order to perform correct 
measurements of the blocking temperature distribution. For this purpose, it is important to 
observe the values of HEB and HC of this sample, measured at different temperatures in 
exchange set conditions (field cooling, followed by measurements of hysteresis loops at 
successively increasing temperatures; this is the usual measurement procedure of the 
FM/AFM bilayers that has been used for instance for the FM/AFM bilayers in chapter 4). 
Figure 5.6 shows the values of HEB, HC and of the sum HEB + HC measured in exchange set 
conditions at different temperatures. By comparing Fig. 5.5(a) with Fig. 5.6 one can notice 
that, at the temperature Ta at which HEB (corresponding to the exchange bias reversal curve) 
changes the sign from negative to positive, |Hrev| is always larger than the sum |HEB + HC|  
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Fig. 5.6: Temperature dependence of |HEB|, HC and of the sum |HEB + HC| for the CoFe/IrMn 
sample measured in exchange set conditions (see text). The results are taken from  
Fig. 4.19 and 4.21 of chapter 4 for x = 0 %. 
 
measured in exchange set conditions. In other words, the absolute value of the reversed field 
|Hrev| must be large enough to saturate the FM/AFM bilayer in the reverse direction. The 
following relationship must be fulfilled for a correct measurement: |Hrev| > |HEB + HC|. For 
instance, for Hrev = -100 Oe, HEB corresponding to the exchange bias reversal curve does not 
change the sign up to 330 K. The sum |HEB + HC| measured in exchange set conditions is 
larger than 100 Oe at all temperatures below 330 K (Fig. 5.5(a) and Fig. 5.6). For Hrev = -500 
Oe, HEB corresponding to the exchange bias reversal curve changes the sign at about 70 K. 
From Fig. 5.6 at 70 K the value of the sum |HEB + HC| measured in exchange set conditions is 
about 400 Oe. Hence, the sign change of HEB at 70 K takes place when the condition |Hrev| > 
|HEB + HC| is first fulfilled at that temperature. At larger absolute values of Hrev (|Hrev|≥2500 
Oe) the condition |Hrev| > |HEB + HC| is fulfilled at each temperature. In these conditions, HEB 
corresponding to the exchange bias reversal curve changes its sign at very low temperatures. 
Hence, only the exchange bias reversal curves HEB(Ta) measured for |Hrev| ≥ 2500 Oe can be 
used for calculating the blocking temperature distribution of the AFM grains. 
In order to understand the meaning of the blocking temperature distribution we 
consider the case of a granular AFM system, such as IrMn. Each AFM grain is considered to 
have a mono-domain structure. The Monte Carlo simulations presented in chapter 4 suggest 
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that the uncompensated moments in the AFM can be either strongly coupled with the spin 
structure of the AFM grain (in this case they are usually concentrated at grain boundaries; in 
the following they are supposed to rotate simultaneously with the whole spin structure of the 
AFM grain through coherent rotations and will be referred through the term of “AFM grain”) 
or they can form small groups of uncompensated moments being weakly coupled with the 
spins structure of the whole AFM grain (in this case they are referred to as isolated 
uncompensated spins). The isolated uncompensated spins, also referred to as “low freezing 
temperature spins” in other studies [106,201], do not rotate simultaneously with the spin 
structure of an AFM grain. In other words, their reversal (which usually takes place at very 
low temperature) does not affect the uncompensated spins strongly coupled with the spin 
structure of the AFM grains. For the purpose of including the isolated uncompensated spins in 
the following theoretical interpretation of the blocking temperature distribution, we treat 
them, in a first approximation, as small AFM grains which do not interact with the other 
(larger) physical grains of the AFM. This simple model allows for establishing a correlation 
between the size of AFM grains and their blocking temperatures. If F(D) is the distribution of 
AFM grain sizes, where D is the grain diameter, the relaxation time of a crystalline grain at a 
certain temperature Ta is given by [202,203]: 
)),/(exp(/1 0 aBTkEf ∆=τ                  (1) 
where f0 (reversal attempt frequency) is usually taken to be 109 s-1 [168], ∆E is the energy 
barrier corresponding to the reversal of the AFM grain uncompensated magnetic moment (∆E 
is grain size dependent) and kB is Boltzmann’s constant. For a thermal activation process such 
as we have described above the relaxation time is the time of the thermal activation process 
(the time ta spent at Ta) [202]. Each AFM grain of diameter D has its own blocking 
temperature TB. Therefore, the relaxation time of a crystalline grain of diameter D and 
blocking temperature TB can be written as   
)ln()())/(exp(/1 00 ftTkDEtTkEf aBBaBB =∆⇒=∆=τ   (2) 
Hence, for a constant thermal activation time ta the energy barrier to reversal of an AFM grain 
depends only on its own blocking temperature. Moreover, for an AFM with a grain size 
distribution F(D), there will also be a distribution G(TB) of blocking temperatures.  
The AFM reset procedure (described in section 5.2.1) allows the orientation of the 
uncompensated moments in the cooling field direction. The exchange bias field HEB at the 
lowest measurement temperature TMIN (the temperature at which the sample is field cooled, 
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i.e. 5 K, in this case) is the sum of contributions of all AFM grains which are set by the 
cooling field. This can be written as: 
( ) ( )∫∫ ∞∞= ==
MINMINCR
MIN
T
BB
TD
TTEB dTTAGdDDAFH
)(
               (3) 
Here DCR(TMIN) represents the diameter of the AFM grains which are initialized at T = TMIN. 
In other words, the cooling process ends at T = TMIN = 5 K. Hence, not all AFM grains are set 
by the cooling field. Moreover, TMIN determines the minimum diameter of the AFM grains 
which are initialized by the field cooling process. The AFM grains (including the isolated 
uncompensated moments) with TB < TMIN are not initialized by the field cooling process. They 
rotate simultaneously with the FM layer and therefore do not count for HEB. Only the AFM 
grains with TMIN ≤ TB ≤ TMAX are set and contribute to HEB. TMAX is the temperature from 
which the field cooling process was performed. In Eq. (3) A is a factor proportional to JINT/Ms, 
where JINT is the exchange energy between the FM and the AFM atoms and Ms is the 
saturation magnetization of the FM [168,203,204]. In the following it is supposed that JINT 
and Ms are independent on temperature in the range [TMIN,TMAX].  
Following the measurement procedure described in Fig. 5.3, the sample is heated up to 
the temperature of thermal activation Ta. Subsequently the sample is cooled down to 5 K in 
the presence of the reversed field. The AFM grains with the blocking temperature TB ≤ Ta are 
thermally activated and reverse in the new direction of the magnetic field (in the direction of 
Hrev). The other grains with TB ≥ Ta remain oriented in the initial cooling field direction. 
Similarly, one can refer to the thermally activated reversals of the AFM grains in terms of 
grain diameter. The crystalline grains with the diameter DCR(TMIN) ≤ D ≤ DCR(Ta) reverse in 
the direction of Hrev due to the thermal activation at Ta and the cooling down in the presence 
of Hrev. Hence, the resulting HEB at the measurement temperature can be written as: 
( ) ( )
( )
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The derivative of this equation with respect to temperature is: 
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where ( )
⎩⎨
⎧
<
>=θ
0  x0,
0 x1,
x  and δ is the Dirac function.  
In conclusion, the derivative of the exchange bias reversal curve HEB(Ta) with respect to Ta 
(dHEB/dTa) is proportional to the blocking temperature distribution G(TB=Ta) of the AFM 
grains. When discussing in terms of grain diameter one can similarly demonstrate that 
dHEB/dTa is proportional to the distribution of grain diameter F(D). It is important to 
emphasize that D accounts for the grain diameter of physical grains in the AFM as well as for 
the isolated uncompensated moments (which are treated as small AFM grains in the above 
interpretation).  
Following the above conclusions and using the exchange bias reversal curves HEB(Ta) 
presented in Fig. 5.5(a) (only the HEB(Ta) curves measured for |Hrev| ≥ 2500 Oe) one can 
calculate the blocking temperature distribution at Tmeas = 5 K. Fig. 5.7 shows the derivative 
dHEB/dTa of the HEB(Ta) curves from Fig. 5.5(a) for Hrev = -2500 Oe and respectively -10000 
Oe. As mentioned above, this derivative represents the blocking temperature distribution of 
the AFM grains of the CoFe/IrMn bilayer measured at Tmeas = 5 K. From Fig. 5.7 one can 
observe only a part of a distribution which is centered at temperatures lower than 5 K. The 
fact that the blocking temperature distribution measured at 5 K is centered at temperatures 
lower than 5 K is a strong evidence of the presence of isolated uncompensated moments in the 
AFM. In chapter 4 it was shown by Monte Carlo simulations that the isolated uncompensated 
moments in the AFM undergo thermally activated switching at very low temperatures. For    
γ-FeMn it was estimated that the average blocking temperature of the isolated uncompensated 
moments is in the range of 10-3 K. For IrMn the average blocking temperature of the isolated 
uncompensated moments must be larger by about one order of magnitude due to the larger 
anisotropy of the AFM IrMn as compared to that of the AFM γ-FeMn. Hence, the part of the 
distribution shown in Fig. 5.7 represents a part of the distribution of blocking temperature of 
the AFM isolated uncompensated moments. According to the Monte Carlo simulations 
(chapter 4, section 4.4), the maximum of this distribution should occur in the range of 10-2 K. 
One can also see that the effect of the isolated uncompensated moments on the blocking 
temperature distribution is significantly reduced at temperatures higher than about 50 K. In 
chapter 4 it was also shown that the isolated uncompensated moments provide the most 
important contribution to the exchange bias at low temperature. 
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Fig. 5.7: Blocking temperature distribution of a CoFe/IrMn bilayer obtained from  
the derivation of the exchange bias reversal curves HEB(Ta) from Fig. 5.5(a) 
 for Hrev = -2500 Oe and -10000 Oe (Tmeas = 5 K). 
 
This fact is reconfirmed here where we show that, at low temperature, only the isolated 
uncompensated moments have a contribution to the blocking temperature distribution and 
exchange bias. It is most likely that the uncompensated moments strongly coupled to the spin 
structure of the AFM grains reverse at higher activation temperatures (together with the entire 
AFM spin structure of the grain). However, Fig. 5.7 shows that, at low temperature, their 
contribution to exchange bias is less significant as compared to that of the isolated 
uncompensated moments. Hence, the blocking temperature distribution shown in Fig. 5.7 is 
mostly due to the contribution of the isolated uncompensated moments in the AFM which are 
frozen at very low temperatures. In order to observe the thermally activated reversals of the 
AFM grains one has to perform measurements at higher temperatures, where the isolated 
moments are thermally relaxed and do not contribute anymore to exchange bias.  
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5.2.3 Blocking temperature distribution measured at 80 K  
 
For the same CoFe/IrMn bilayer we have measured the exchange bias reversal curve 
HEB(Ta) at Tmeas = 80 K. The reversal field has been chosen Hrev = -3000 Oe. This value is 
high enough to fulfill the condition |Hrev| > |HEB + HC|, as discussed in section 5.2.2, and 
implicitly, to completely saturate the FM. The resulted exchange bias reversal curve HEB(Ta) 
measured at Tmeas = 80 K after thermal activations of the AFM grains at temperatures between 
80 K and 360 K is shown in Fig. 5.8(a). The line in Fig. 5.8(a) is a sigmoidal fit to the 
experimental data. Figure 5.8(b) shows the dependence of the coercive field on the activation 
temperature Ta. One can see that HEB at Ta = 80 K is reduced by a factor of 3 as compared to 
that measured at Ta = 5 K (see Fig. 5.5(a) and Fig. 5.8(a)). This is due to the fact that at     Ta = 
80 K only the AFM grains with 80 ≤ TB ≤ 375 K contribute to HEB. The AFM grains with TB 
< 80 K are not set (they are in thermal equilibrium) and do not contribute to HEB. The HEB(Ta) 
dependence shown in Fig. 5.8(a) differs from that measured at Tmeas = 5 K (see Fig. 5.5(a)). 
The exchange bias field HEB decreases monotonously with increasing Ta, goes to zero at the 
so-called median blocking temperature <TB> = 175 K, changes sign and increases for larger 
values of Ta. The median blocking temperature <TB> represents the activation temperature at 
which equal fractions of AFM grains with positive and respectively negative orientations of 
the uncompensated moments are found in the AFM [202]. The absolute values  
 
 
Fig. 5.8: Dependence of (a) exchange bias field HEB and (b) coercive field HC on the 
activation temperature Ta for a CoFe/IrMn bilayer. The measurement parameters are 
 given in the inset.  
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of HEB at high activation temperatures are larger than the absolute value of HEB measured at 
Ta = 80 K. The shape of the exchange bias reversal curve HEB(Ta), which saturates neither at 
low nor at high values of Ta, suggests that only a part of the AFM grains are initialized, 
thermally activated and reversed by Hrev. This means that the AFM grains with TB > 375 K 
are neither set by the cooling field nor reversed by Hrev. Similarly, the AFM grains with        
TB < 80 K do not participate to HEB. Their uncompensated moments rotate simultaneously 
with the FM layer and therefore do not count for HEB. These results are in agreement with the 
measurements on CoFe/IrMn bilayers presented in Ref. [192,199,202]. The coercivity shows 
also a different dependence on Ta as compared to that measured at Tmeas = 5 K. The coercive 
field HC increases with Ta, goes through a maximum at about Ta = 220 K and decreases slowly 
at higher Ta values. The HC(Ta) dependence agrees with other results from literature 
[192,199].  
Figure 5.9 shows the derivative dHEB/dTa of the exchange bias reversal curve HEB(Ta) 
from Fig. 5.8(a). As shown above (section 5.2.2) this derivative represents the blocking 
temperature distribution of the AFM grains measured at Tmeas = 80 K. One can observe a 
broad distribution of blocking temperature of the AFM grains, which extends at higher 
temperatures, above the maximum value of Ta used for the measurements (360 K). At low 
temperatures only a part of the distribution is observed, which is centered at Ta values of  
 
 
Fig. 5.9: Blocking temperature distribution at Tmeas = 80 K for a CoFe/IrMn bilayer obtained 
from the derivate of the exchange bias reversal curve HEB(Ta) from Fig. 5.8(a). 
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about 110 K. The meaning of the distribution shown in Fig. 5.9 is that the AFM grains with 
blocking temperatures of about 110 K create the most significant contribution to exchange 
bias at Tmeas = 80 K. 
The thermally assisted reversals of the AFM grains at different activation temperatures 
(Fig. 5.8(a)) and the blocking temperature distribution of the AFM grains (Fig. 5.9) can be 
easier understood from the sketch shown in Fig. 5.10. Here we show the hypothetical 
structure of the AFM crystalline grains distributed according to their size. The AFM grains 
are considered to be mono-domains. The initial state of the AFM after the reset procedure is 
shown in Fig. 5.10(a). The arrows in Fig. 5.10 show the orientation of the uncompensated 
spins belonging to the AFM grains. All AFM grains have the uncompensated spins oriented in 
the cooling field direction. Hence they produce a negative exchange bias field. Moreover, 
each AFM grain has its own contribution to EB and has its own blocking temperature. We 
call “active” the AFM grains which have a contribution to EB. As mentioned in section 5.2.2, 
the blocking temperature of the AFM grains is strongly dependent on the grain size. After the 
initial field cooling (at Tmeas = 80 K) the magnetic field is reversed and the temperature is 
raised to the temperature of thermal activation Ta. Therefore, a part of the AFM grains having  
 
 
Fig. 5.10: Sketch of the thermal activation effects of AFM grains with different sizes. The 
AFM grains which contribute to exchange bias are called “active”. The AFM grains in 
thermal equilibrium are called “inactive” and the AFM grains which reverse due to the 
reversed field acting during cooling down to 5 K are called “reversed”. 
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their blocking temperature smaller that Ta will reach thermal equilibrium. This fraction of 
AFM grains do not contribute to exchange bias and are therefore called “inactive”. This is 
shown schematically in Fig. 5.10(b). The new cooling process in the presence of the reversed 
field (Hrev) at the measurement temperature Tmeas = 80 K reactivates the AFM grains with     
80 K ≤ TB ≤ Ta. However, they will align in the opposed direction to the initially aligned AFM 
grains (or in the direction of Hrev). This is illustrated in Fig. 5.10(c). The AFM grains which 
are now oriented in the direction of Hrev create a local exchange anisotropy antiparallel to the 
initial anisotropy direction. Hence, the resultant exchange bias is given by the sum of 
contributions of all AFM grains. This is also shown by the Eq. (4). By increasing Ta, the 
number of AFM grains with local blocking temperatures smaller than Ta increases. 
Subsequently, these AFM grains change the orientation when cooled down in the presence of 
Hrev. One passes through a situation when, at the measurement temperature, the same fraction 
of AFM grains are oriented in the initial field cooling direction as well as in the reversed 
direction. At that point the measured exchange bias is zero. This point corresponds to the 
transition of the exchange bias reversal curve HEB(Ta) from negative to positive values (see 
Fig. 5.8(a)). The temperature of thermal activation corresponding to this point is usually 
called the median blocking temperature <TB> [202]. We show that the median blocking 
temperature is strongly dependent on the measurement temperature of the exchange bias 
reversal curve. For instance, when measuring the exchange bias reversal curve HEB(Ta) at 
Tmeas = 5 K a median blocking temperature of about 18 K is obtained. On the other hand, 
when measuring the exchange bias reversal curve HEB(Ta) at Tmeas = 80 K a median blocking 
temperature of about 175 K is obtained. Moreover, for another undiluted CoFe/IrMn bilayer 
which was measured at Tmeas = 160 K a median blocking temperature of about 240 K was 
found (not shown). Hence, one needs to specify the measurement temperature when 
comparing such dependencies. For consistent comparisons of blocking temperature 
distribution of different samples one must ensure that all the measurements are performed at 
the same temperature. In the following we will show that the median blocking temperature is 
grain size dependent.  
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5.3 Effect of grain size on the blocking temperature distribution 
 
In order to study the effect of grain size on the median blocking temperature <TB> and 
on the blocking temperature distribution two samples were prepared with different crystalline 
grain size. The layer sequence of the two samples was: Si / SiO2 / Mo (3 nm) / Cu(5 nm and    
30 nm) / CoFe(3.5 nm) / (IrMn)0.88Cu0.12(10 nm) / Mo(10 nm). The seed layer of Mo was used 
to improve the adhesion of the Cu layer with the Si/SiO2 substrate. The AFM IrMn was 
diluted by Cu (12%) in order to reduce the blocking temperature of the FM/AFM bilayer (as 
shown in chapter 4). The sample with 5 nm-Cu buffer layer is referred in the following to as 
sample A and the sample with 30 nm-Cu buffer is referred to as sample B. The different 
thickness of the Cu buffer layer of the two samples induces a crystalline structure with 
different grain size in the FM/AFM bilayers.  
Figure 5.11 shows atomic force microscopy images of two samples similar to the 
samples A and B but without cap layer, taken directly after the sample’s deposition. When the 
FM/AFM bilayer is grown on top of a 5 nm-Cu buffer (sample A) a structure with crystalline 
grains with mean diameter of about 26 nm is observed (Fig. 5.11(a)). On the other hand, when 
the thickness of the Cu buffer layer is 30 nm (sample B) the mean diameter of the AFM 
crystalline grains is about 40 nm (Fig. 5.11(b)). It is important mentioning that, since no cap 
layer was deposited on top of the AFM layer, the three-dimensional images from Fig. 5.11  
 
 
Fig. 5.11: Atomic force microscopy images of the sample A (a) and B (b). The size of the 
images is: 1 µm x 1 µm x 20 nm. The average grain size is about 26 nm for the sample A  
and 40 nm for the sample B. 
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show the grain structure of the AFM IrMn (diluted by 12% of Cu). The size of the images 
from Fig. 5.11 is 1 µm x1 µm x 20 nm.  
After deposition, the samples were measured by SQUID magnetometry. First, 
magnetic measurements using exchange set conditions (see section 5.2.2) were performed: 
The samples were heated at 380 K and subsequently cooled down at T = 5 K in a magnetic 
field of 1 T (AFM reset procedure). Hysteresis loops were then measured at successively 
increasing temperatures (up to 375 K) without resetting the AFM between successive 
hysteresis loops (exchange set conditions). Figure 5.12 shows the temperature dependence of 
the exchange bias field HEB and coercivity HC of the two samples. Note that HEB is plotted in 
absolute values in Fig. 5.12 (due to positive cooling field the values of HEB are negative). For 
both samples, HEB decreases abruptly at low temperatures and slowly at higher temperatures. 
A similar temperature dependence of HEB of CoFe/IrMn bilayers diluted by Cu is observed in 
chapter 4 (see Fig. 4.19, for example). The different grain sizes of the two samples (A and B) 
give rise to different values of HEB and HC. Fig. 5.12 shows that the sample with larger 
crystalline grains (sample B) exhibits larger values of HEB and HC for T > 5 K as compared to 
the corresponding values of the sample with smaller crystalline grains (sample A). 
In order to determine the blocking temperature distribution of the AFM grains, the 
magnetic measurements were performed at a temperature high enough to avoid any influence 
from the isolated uncompensated moments. This is in contrast to the measurements at 5 K 
described in section 5.2.2, where the isolated uncompensated moments were responsible for  
 
 
 
Fig. 5.12: Temperature dependence of the exchange bias field |HEB| and coercivity HC of the 
sample A (a) and B (b). The measurements were performed in exchange set conditions. 
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the blocking temperature distribution. Fig. 5.12 shows that the abrupt decrease of HEB ends at 
temperatures of about 80 K. This indicates that a significant amount of uncompensated spins 
being isolated or belonging to some small AFM grains undergo thermally activated switching 
at temperatures lower than 80 K. Hence, the temperature of 80 K was chosen for the 
measurements of blocking temperature distribution of the AFM grains. The exchange bias 
reversal curves HEB(Ta) and implicitly the blocking temperature distribution of the AFM 
grains were measured using the same measurement procedure as that described in section 
5.2.1. However, for these measurements the AFM order of the Cu diluted IrMn was properly 
and completely set by the AFM reset procedure (the temperature at which HEB of the samples 
A and B vanishes was about 370 K and the AFM reset procedure began from 380 K).  
Figure 5.13 shows the exchange bias reversal curves HEB(Ta) of the samples A and B 
measured at the temperature Tmeas = 80 K. For both samples, HEB decreases with increasing 
the activation temperature, goes through zero at the median blocking temperature <TB> and 
then increases for larger values of the activation temperature. <TB> is about 160 K for the 
sample A and about 200 K for the sample B. The difference in the values of <TB> between the 
two samples is a consequence of the different grain size of the two samples. 
 
 
Fig. 5.13: Exchange bias reversal curves HEB(Ta) of the samples A and B. The lines are fits to 
the experimental data. The median blocking temperature is 160 K for the sample A 
 and 200 K for the sample B. 
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As mentioned above, <TB> represents the activation temperature at which equal fractions of 
AFM grains with positive and respectively negative orientations of the uncompensated spins 
are found in the AFM. The smaller <TB> value of sample A as compared to that of sample B 
can be explained by considering the activation energy (temperature) required to reverse the 
AFM grains. As mentioned in section 5.2.2 there is an intrinsic relationship between the size 
of an AFM grain and its blocking temperature. Sample A has smaller AFM grains as 
compared to sample B and therefore, at a certain value of Ta, more AFM grains undergo 
thermally activated reversal in sample A than in sample B. Hence, when Ta = <TB> for sample 
A (equal fractions of AFM grains with positive and respectively negative orientations of the 
uncompensated spins are found in sample A) sample B does not yet fulfill the same condition. 
The relationship Ta = <TB> is fulfilled for sample B at Ta = 200 K. 
The shape of exchange bias reversal curves gives information about the amount of 
AFM grains undergoing thermally activated reversal. One can observe that no saturation 
tendency of the HEB(Ta) curves is present at low values of Ta. This means that the thermal 
activation processes of the AFM grains takes place even at the measurement temperature. For 
sample A, at high values of Ta, one can observe a tendency of saturation in the HEB(Ta) curve. 
This indicates that thermal activation of the AFM grains approaches saturation i. e., almost all 
AFM grains are reversed in the direction of Hrev at temperatures close to 360 K. For sample B 
the HEB(Ta) curve does not show any tendency of saturation at temperatures up to 360 K 
suggesting that the process of thermal activation of AFM grains is not yet completed. There 
exist other grains with TB > 360 K which are not thermally activated at the measurement 
temperatures. These effects are also a consequence of the larger AFM grains of sample B as 
compared to those of sample A.   
The dependence of the coercivity HC on Ta correlates with the exchange bias reversal 
curves. Fig. 5.14 shows that HC increases with Ta, goes through a maximum and decreases 
slowly at higher values of Ta. The values of HC of sample B are larger than those of sample A. 
This is in agreement with the data of Fig. 5.14 which show the HC values measured in 
exchange set conditions. The larger values of HC of sample B as compared to those of sample 
A are due to the larger grains of sample B as compared to those of sample A. This is in 
agreement with the random anisotropy model for exchange bias [111,205]. Moreover, the 
value of Ta where HC shows a maximum is in the range 140-180 K for sample A and 200-220 
K for sample B. These values of Ta are very close to those of <TB> measured from the 
exchange bias reversal curves HEB(Ta) (see Figs 5.13 and 5.14). Hence, one can conclude a 
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Fig. 5.14: Dependence of the coercivity HC of the sample A and B on the activation 
temperature Ta. At each Ta value HC is larger for sample B than for sample A. 
 
close correlation between the values of HEB and HC measured by thermal activation processes. 
As shown in section 5.2 the derivative of the exchange bias reversal curve HEB(Ta) 
with respect to Ta represents the blocking temperature distribution of the AFM grains. 
Moreover, there is an intrinsic correlation between blocking temperature of an AFM grain and 
its size. Hence, one can correlate the blocking temperature distribution of the AFM grains 
with the grain size distribution in the AFM. Figure 5.15 shows the derivative of the HEB(Ta) 
curves from Fig. 5.13 corresponding to sample A and B. For sample A only a fraction of the 
blocking temperature distribution is observed. The distribution is centered at temperatures 
lower than the measurement temperature Tmeas = 80 K. In the temperature range from 80 K to 
360 K the most significant contribution to the blocking temperature distribution is given by 
the AFM grains with blocking temperatures of about 80 K. The contribution of other AFM 
grains (with TB > 80 K) at the blocking temperature distribution decreases with increasing the 
activation temperature Ta. At large values of Ta (>300 K) the blocking temperature 
distribution of sample A shows only a tail, indicating the end of the distribution. For sample B 
the blocking temperature distribution is centered at Ta values of about 160 K. This means that 
the AFM grains with blocking temperatures of about 160 K create the most significant 
contribution to exchange bias at Tmeas = 80 K. However, the distribution is wide and extends 
up to temperatures larger than the maximum temperature used for measurements. 
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Fig. 5.15: Blocking temperature distribution measured at Tmeas = 80 K for samples A and B. 
The distribution is obtained from the derivative of the HEB(Ta) curves from Fig. 5.13 
 
Comparing the blocking temperature distribution of both samples one can clearly observe that 
the distribution corresponding to sample B is shifted to larger values of Ta  
as compared to that of sample A. This is due to the larger AFM grains of sample B as 
compared to those of sample A. Hence, the grain size of the AFM influences the thermal 
activation of the AFM grains and the median blocking temperature <TB> as well as the entire 
blocking temperature distribution of the AFM grains. 
 
5.4 Conclusion 
 
In this chapter the thermally activated reversal and the blocking temperature 
distribution of the AFM grains in CoFe/IrMn bilayers are investigated. It is shown that the 
measurement parameters (reversal field, temperature of measurement) are very important for 
performing reliable measurements of the blocking temperature distribution. The applied field 
required to reverse the thermally activated AFM grains has to be larger than the sum HEB + 
HC determined in exchange set conditions at the thermal activation temperature. The 
measurement temperature at which the blocking temperature distribution is determined plays 
an important role in observing the various contributions to the blocking temperature 
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distribution. Hence, when measuring the blocking temperature distribution at Tmeas = 5 K, 
only a fraction of the distribution which is centered at temperatures lower than 5 K is 
observed. This result confirms the presence of the isolated uncompensated moments in the 
AFM, which are responsible for the blocking temperature distribution measured at 5 K. In 
chapter 4 it was shown by Monte Carlo simulations that the isolated uncompensated moments 
in the AFM have very low blocking temperatures (~10-2 K for IrMn). The fact that the 
blocking temperature distribution measured at Tmeas = 5 K is centered at temperatures lower 
than 5 K (Fig. 5.7) is a strong indication of the presence of the isolated uncompensated 
moments in the AFM. For two samples with different AFM grain size the blocking 
temperature distribution was determined at Tmeas = 80 K. The sample with larger crystalline 
grains (A) shows a higher median blocking temperature as compared to that of the sample 
with smaller crystalline grains (B). Moreover, the blocking temperature distribution of the 
sample with larger AFM grains is shifted to higher values of the activation temperature as 
compared to that of the sample with smaller crystalline grains (Fig. 5.15). The coercive field 
correlates with the exchange bias field, showing a maximum in the vicinity of the median 
blocking temperature.  
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Chapter 6 
Exchange bias of epitaxial and polycrystalline 
NiFe/FeMn bilayers  
 
6.1 Introduction 
 
In chapter 4, section 4.2 we have discussed the exchange bias (EB) properties of the 
polycrystalline NiFe/FeMn bilayers for different Cu dilutions in the FeMn layer. However, in 
order to understand fundamental aspects of EB such as the influence of spin configuration at 
the ferromagnetic/antiferromagnetic (FM/AFM) interface on EB one has to consider epitaxial 
samples. The spin configuration at the FM/AFM interface is influenced by the crystalline 
orientation of the AFM.  
The spin configuration of the AFM FeMn has been the subject of various theoretical 
and experimental studies [27,140,206-209]. For instance, the <111> model [206,207] 
describes the average spin structure of the AFM γ-FeMn without taking into account the 
detailed (random) occupation of sites with Fe and Mn atoms. According to this model, atoms 
on the (0,0,0), (1/2,1/2,0), (0,1/2,1/2) and (1/2,0,1/2) positions have moments which are 
directed to the center of the tetrahedron that is defined by these atomic positions, i.e., along 
the <111> directions. Figure 6.1 shows that terminating the bulk FeMn crystal along the 
(111), (110) and (001) planes leads to entirely different spin configurations at the surfaces. In 
the (111) planes the moments are directed ±19.5º and ±90º out of plane with their in-plane 
components compensating each other. In the (001) planes the moments are ±35.3º out-of-
plane pointing along the [110] and [
−
110] in-plane directions. The resulting in-plane moment 
is also compensated. For the (110) planes we have to distinguish between two different layers: 
One type of layer has its moments in plane whereas for the other layer ±54.7º out of plane  
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Fig. 6.1: Spin structure in the <111> model for different orientations of the ideal FeMn 
surfaces. From Ref. [27] 
 
moments are found. In contrast to the other two surfaces a resultant in-plane moment along 
the [100] directions is found: the (110) plane is uncompensated [27,140,206,207].  
Jungblut et al. [27,140] have studied experimentally the EB properties of epitaxial 
NiFe/FeMn bilayers with (111), (110) and (001) orientations with respect to the thickness of 
the FM and AFM layers. They found that there is no correlation between the strength of 
biasing and the spin structure of the different crystalline orientations of the ideal AFM FeMn 
interfaces [27,140]. In other words, the nature of the FM/AFM interface (compensated or 
uncompensated) does not influence the strength of biasing. Moreover, they suggested that the 
quality of the epitaxial growth and the occurrence of the interfacial roughness may affect the 
strength of biasing. 
Recently, first principles electronic structure calculations [208,209] have shown that 
the fcc γ-FeMn has a noncollinear (3Q) spin structure. According to these studies, this 
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noncollinear spin structure does not allow for identifying compensated or uncompensated spin 
structures of high symmetry crystal phases [208,209]. Hence, a commonly accepted theory 
concerning the spin orientation at the ideal FeMn interfaces is still missig.  
The training effect which describes the variation of the EB field HEB with the number 
of hysteresis loops has also been intensively studied recently [81,124,180,181,210,211]. 
Various experimental and theoretical studies of the training effect have been performed with 
respect to the AFM anisotropy and “spin flop” effects [82], the formation of perpendicular 
domain walls in the AFM [212], the dynamics of the hysteresis loops [88] and the role of 
interfacial domain walls [213]. However, for understanding the EB and its training effect a 
comparison between epitaxial and polycrystalline FM/AFM bilayers is of utmost importance 
and has not been performed yet for any EB system [21]. 
In this chapter we discuss the training effect and the temperature dependence of the 
exchange bias field and coercive field of epitaxial NiFe/FeMn samples which were grown in 
the (001) and (110) orientations. These results are compared to the results for a 
polycrystalline NiFe/FeMn sample prepared in similar conditions to those used for the 
epitaxial samples. 
 
6.2 Preparation and characterization of the epitaxial samples 
 
Cu single crystal substrates with the (001) and (110) orientations were used in order to 
induce epitaxial growth of Ni80Fe20 and Fe50Mn50 layers. Since no high-quality epitaxial 
growth can be obtained for Ni80Fe20/Fe50Mn50 on (111) oriented Cu single crystals [27], we 
have not used such substrate crystals. However, for comparison we used a Si/SiO2 substrate 
with a 50 nm Cu thick seed layer for the deposition of the polycrystalline Ni80Fe20/Fe50Mn50 
sample. The layer sequence of the polycrystalline sample is similar to that of the undiluted 
NiFe/FeMn sample of series A discussed in section 4.2. Prior to the deposition, the Cu single 
crystal substrates were cleaned in an ultra-high vacuum chamber using successive Ar 
sputtering cycles followed by annealing at temperatures up to 850 °C. The chemical 
cleanliness of the Cu single crystal substrate surfaces was examined in situ using X-ray 
photoelectron spectroscopy (XPS). The surface crystalline orientation was checked in situ by 
low energy electron diffraction (LEED). Fig. 6.2 shows the XPS spectra and LEED patterns 
(left hand side insets) of the Cu single crystal substrates with (a) (110) and (b) (001)  
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Fig. 6.2: XPS spectrum and LEED pattern (left hand side insets) of the Cu single crystal 
substrates with the orientations: (a) (110) and (b) (001). The right hand side insets show part 
of the XRD scans of Ni80Fe20/Fe50Mn50 grown on the respective Cu single crystal substrates.  
 
orientation. The XPS spectra show clean surfaces of the Cu single crystal substrates without 
contaminations by other chemical elements. The Mo peaks in the XPS spectra are due to the 
substrate holder. The LEED patterns show that the two different (110) and (001) substrate 
orientations were well obtained. 
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Samples with the layer sequence [substrate: Cu(001) or Cu(110) or Si/SiO2/Cu(50 
nm)]/Ni80Fe20(10 nm)/Fe50Mn50(10 nm)/Au(5 nm) were deposited in a molecular beam 
epitaxy (MBE) system with a base pressure of 10-10 mbar. All depositions were carried out at 
room temperature using e-beam evaporation of Fe, Ni, Mn and Au. A Knudsen cell was used 
for Cu evaporation. The deposition rates for both binary alloys were 0.04 nm/s and they were 
kept constant during deposition to within 1%. In order to initialize the exchange bias at room 
temperature (for γ-Fe50Mn50, TNéel = 220 °C), all samples were deposited in the presence of an 
in-plane magnetic field Hdeposition = 250 Oe. Hence, Hdeposition has been applied along the [100] 
and [
−
110] direction during the deposition of the (001) and (110) oriented sample, 
respectively. In situ LEED measurements were also performed after deposition of the Ni80Fe20 
and the Fe50Mn50 layer, in order to check their epitaxial quality. We observed that the Ni80Fe20 
layer had grown epitaxially on both Cu single crystal substrates with (001) and (110) 
orientations. Fe50Mn50 was grown on top of the Ni80Fe20 layer. We still observed similar 
LEED patterns after deposition of Fe50Mn50 on top of Cu(110)/Ni80Fe20(110), indicating a 
good epitaxial growth of the Fe50Mn50 layer. For the (001) orientation, no LEED pattern was 
observed after deposition of the Fe50Mn50 layer on top of Cu(001)/Ni80Fe20(001). Hence, no 
high-quality epitaxial growth of the Fe50Mn50 layer was achieved for the (001) orientation. 
These results are also supported by ex situ θ-2θ X-ray diffraction (XRD) scans of the 
FM/AFM bilayers (right hand side insets of Fig. 1). Only the peaks corresponding to the two 
different orientations {001} and {110} of Fe50Mn50 were observed. Furthermore, the intensity 
of the (220) Fe50Mn50 peak was higher in comparison with that of the (002) Fe50Mn50 peak 
(see right hand side insets of Fig. 1), confirming again a better epitaxial growth of the (110)-
oriented Fe50Mn50 as compared to that of the (001)-orientated Fe50Mn50. 
The third sample, grown on a Si/SiO2/Cu(50 nm) substrate, was prepared under the 
same conditions as the epitaxial samples. The results of the XRD θ-2θ scans of the 
polycrystalline sample reveal the preferred (111) orientation of the Cu/NiFe/FeMn trilayer 
(see Fig. 4.2 chapter 4). However, weak (100) and (311) reflections were also observed. Since 
Cu, NiFe and γ-FeMn all have fcc crystalline structures with almost identical lattice 
parameters, their diffraction peaks cannot be easily distinguished. 
Magnetic measurements were performed using a superconducting quantum 
interference device (SQUID) magnetometer. The samples were cooled from room temperature 
to 5 K in an applied field of Hcool = 1 T parallel to Hdeposition. During the measurements the 
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magnetic field was applied in the plane of the samples along the direction of Hdeposition and 
Hcool. Subsequently, the temperature was gradually increased up to room temperature through 
a sequence of intermediate temperatures. At each of these temperatures, the applied field was 
cycled from +Hcool to –Hcool and back to +Hcool in order to measure a hysteresis cycle. Prior to 
the measurements, at 5 K, the magnetic field was cycled 12 times and the hysteresis loops 
were measured in order to study the training effect. The switching fields of the two branches 
of the hysteresis loops, H1 for the descending and H2 for the ascending branch, were used to 
estimate HEB and the coercive field HC according to HEB = (H1 + H2)/2 and HC =│H1 – H2│/2, 
respectively. 
 
6.3 Training effect of epitaxial and polycrystalline NiFe/FeMn  
 
Figure 6.3 shows the magnetic training effect of HEB of the samples containing 
epitaxial (001) Fe50Mn50 and (110) Fe50Mn50 as well as polycrystalline Fe50Mn50, measured at 
5 K after field cooling. Fig. 6.3(a) shows the absolute values of HEB, whereas Fig. 6.3(b) 
shows the normalized values HEB(n)/HEB(n=1), n counting for the number of hysteresis loops. 
One can see that the most significant decrease of HEB takes place between the first and the 
second hysteresis cycle, the effect being weaker for further hysteresis loops. This can be 
observed in principal in the results of the polycrystalline sample while for the epitaxial 
samples HEB reduces significantly also for further hysteresis loops. The training effect is 
found to depend strongly on the crystalline structure of Fe50Mn50. We show in Fig. 6.3(b) for 
the epitaxial (110) Fe50Mn50 that HEB measured after cycling the magnetic field 12 times is 
40% smaller than its value for the first hysteresis loop, after field cooling to 5 K. Under the 
same conditions the corresponding decrease in HEB for (001) Fe50Mn50 is found to be more 
than 50%. The most significant training effect, however, is observed in the case of the 
polycrystalline Fe50Mn50 sample. For this sample HEB extracted from the second hysteresis 
loop has decreased by 50% from that of the first hysteresis loop. After cycling the magnetic 
field up to 12 times, the decrease of HEB is found to be about 60% of the value of the first 
loop. 
The coercive field HC of all the above three samples shows qualitatively a similar 
training effect as observed for HEB. The training effect of the absolute values of HC is shown 
in Fig. 6.4(a) while in Fig. 6.4(b) we show the training effect of the normalized values  
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Fig. 6.3: Training effect in absolute (a) and normalized (b) values of the exchange bias field 
HEB at T = 5 K of Ni80Fe20/Fe50Mn50 exchange biased bilayers containing (110) and (001) 
oriented Fe50Mn50, and polycrystalline Fe50Mn50 layers. 
 
HC(n)/HC(n=1). One can see that for the (110) oriented sample the decrease of HC due to the 
training effect after 12 field cycles is only about 10% compared to that after the first 
hysteresis loop. HC of the (001) oriented sample decreases by about 20% after 12 field cycles. 
But analogously to HEB, HC of the polycrystalline sample shows the most significant decrease 
by 45% after 12 field cycles.  
We have also observed that the training effect originates from the cycle number (n) 
dependence of H1, the switching field of the descending branch of the hysteresis loops, as  
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Fig. 6.4: Training effect at T = 5 K in absolute (a) and normalized (b) values of the coercive 
field HC of Ni80Fe20/Fe50Mn50 exchange biased bilayers containing (110) and (001) oriented 
Fe50Mn50, and polycrystalline Fe50Mn50 layers.  
 
shown for example in Fig. 6.5 for the (001) oriented sample. H2, the switching field of the 
ascending branch of the hysteresis loops shows a different dependence on n, as compared to 
that of H1. The quantitative n dependence of H1 is much stronger than that of H2 (see Fig. 6.5). 
Consequently, the training effect of HEB and HC is determined by the cycle number (n) 
dependence of H1, while the influence of H2 is much smaller. The different strengths of n 
dependencies of H1 and H2, which were also observed by Hochstrat et al. for NiO/Fe bilayers 
[87], indicate that the two branches belonging to H1 and H2 follow different mechanisms of  
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Fig. 6.5: Field cycling number (n) dependence at T = 5 K of the switching fields H1 
and H2 corresponding to the descending and ascending branches, respectively, of the 
hysteresis loops of the (001) oriented Ni80Fe20/Fe50Mn50 bilayers. 
 
magnetization reversal. A similar behavior was observed for CoO/Co bilayers where coherent 
rotation has been observed at H2, while domain nucleation and wall propagation have been 
assigned in the vicinity of H1 [57,182]. 
The domain state (DS) model [16-18] for EB considers the presence of defects [155] 
throughout the AFM lattice, leading to the formation of AFM domains. Consequently an 
irreversible DS magnetization develops in the AFM during the field cooling. In contact with 
an FM layer, the irreversible DS magnetization gives rise to the EB effect [16-18]. Within this 
model the training effect is attributed to the rearrangement of the AFM domain structure, 
which results in a partial loss of the net (uncompensated) magnetization of the AFM layer 
during field cycling [16-18,142]. This has been observed as a vertical shift of the hysteresis 
loop of, e.g., Co/CoO bilayers [16-18,142]. This loss of net magnetization leads to a reduction 
of HEB. Monte Carlo simulations of a single-crystalline, Ising-type AFM lattice with 
nonmagnetic defects support qualitatively the above observations of the training effect [17]. 
We have shown in Fig. 6.3 and 6.4 that the training effect of HEB and HC depends on the 
quality of the epitaxial growth of the Fe50Mn50 layer. On the other hand, our LEED and XRD 
studies of (110) and (001) oriented Fe50Mn50 clearly indicate a better quality growth of the 
(110) orientation with less structural defects as compared to the (001) orientation. Hence, the 
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rearrangement during field cycling of the AFM domain structure, which arises from the 
presence of defects in the AFM lattice, is more pronounced and effective in (001) Fe50Mn50 
than in (110) Fe50Mn50. This explains why the training effect is stronger for the (001) 
Fe50Mn50 sample as compared to the (110) Fe50Mn50 sample. The larger number of structural 
defects and grain boundaries of the polycrystalline Fe50Mn50 is responsible for the more 
pronounced decrease of HEB with the cycle number n. The magnitude of the training effect is 
expected to decrease with increasing temperature [142]. 
For the Ni80Fe20/Fe50Mn50 bilayers we have used SQUID magnetometry to determine 
the field cycling number (n) dependence of the vertical shift of the hysteresis loop. As 
mentioned above, the vertical shift of the hysteresis loop is the consequence of the pinned 
uncompensated magnetization of the AFM, also referred to as the irreversible DS 
magnetization [17]. The pinned uncompensated magnetization of the AFM is determined as 
the difference mn–m12 of the FM/AFM magnetization between the magnetic field cycles n     
(n ≤ 12) and that of n = 12. The magnetization of the sole FM layer (a 10 nm thick Ni80Fe20  
 
 
Fig. 6.6: Decrease of pinned AFM magnetization mn-m12 at 5 K as function of field cycle 
number (n) with respect to that for n = 12 for different orientations of Fe50Mn50 in 
Ni80Fe20/Fe50Mn50 bilayers. The inset shows for comparison  
the training effect of the non-normalized HEB. 
Chapter 6: Exchange bias of epitaxial and polycrystalline NiFe/FeMn bilayers 
___________________________________________________________________________ 
 
___________________________________________________________________________ 
 
 - 135 -
layer grown on a Si/SiO2/Cu(50 nm) substrate) was found to be independent of the magnetic 
field cycling. Hence, the variations in the FM/AFM magnetization as a consequence of field 
cycling are due to the variation of the AFM magnetization. In Fig. 6.6 we show the pinned 
uncompensated AFM magnetization as function of field cycling n. One can see that the 
pinned uncompensated AFM magnetization decreases in a manner similar to the training 
effect of the HEB (see inset of Fig. 6.6 showing the training effect of the non-normalized HEB). 
The smallest decrease of the pinned AFM magnetization is observed for the (110) epitaxial 
Fe50Mn50, which is in agreement with the smallest variation of HEB(n) and the smallest 
magnitude of the normalized training effect observed for this sample as compared to the other 
samples (Fig. 6.6 and Fig. 6.3). On the other hand, the strongest variation of HEB(n) and the 
strongest normalized training effect of HEB observed for the polycrystalline sample (Fig. 6.3) 
are reflected by the strongest decrease of the pinned AFM magnetization of the 
polycrystalline sample (Fig. 6.6). As mentioned before, this decrease of the pinned AFM 
magnetization could be a consequence of structural disorder or of random fields induced by 
defects, which give rise to AFM domain formation. 
The pinned uncompensated magnetization of the AFM can be used to determine the 
fraction of pinned uncompensated moments of an AFM monolayer. For these calculations we 
took into account the different atomic structure of the epitaxial samples and for the 
polycrystalline sample we have considered the (111) orientation. The pinned uncompensated 
moment of an AFM monolayer is calculated as muncomp = mn / (tAFM / dp), where mn is the total 
pinned uncompensated AFM magnetization measured by SQUID, tAFM is the thickness of the 
AFM layer and dp is the perpendicular lattice spacing of the AFM. The values of dp for γ-
Fe50Mn50 with different orientations were taken from Ref. [27]. For each n, the value of the 
pinned uncompensated magnetization of an AFM monolayer muncomp is transformed into the 
fraction funcomp of the pinned uncompensated moments of a monolayer as follows: funcomp = 
muncomp/mAFM, where mAFM is the magnetic moment of a monolayer of the Mn sublattice. In 
order to calculate mAFM we considered a sublattice of Mn atoms and calculated its magnetic 
moment as being 3.4µB•0.5•N, where N depends on the crystalline orientation of the AFM and 
represents the total number of atoms of an AFM monolayer. We have found that the 
maximum absolute values of the fraction of AFM (FeMn) pinned uncompensated moments of 
a monolayer funcomp(n=1) (measured at T = 5 K) is about 1.9% for the epitaxial samples and 
about 2.9% for the polycrystalline sample. These values are in the right order of magnitude as 
the experimentally determined fraction of pinned interfacial uncompensated monolayer  
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Fig. 6.7: Decrease of the fraction of uncompensated moments of an AFM monolayer 
funcomp(n)-funcomp(n=12) at T = 5 K as function of field cycle number (n) for different 
orientations of Fe50Mn50 in Ni80Fe20/Fe50Mn50 bilayers. The inset shows for comparison the 
training effect of the non-normalized HEB. 
 
moments of the AFM IrMn (4%) using XMCD (x-ray magnetic circular dichroism) by 
Ohldag et al. [214] and of the AFM CoO (1%) from the SQUID measurements by Takano et 
al. [106]. 
The value of funcomp decreases with the number of field cycles n. We illustrate this in 
Fig. 6.7 where we show the decrease of the fraction of pinned uncompensated moments of an 
AFM monolayer funcomp(n) – funcomp(n=12) as a function of n. We observe that the fraction of 
pinned uncompensated moments decreases with n in a similar manner as the training effect of 
HEB (shown in the inset of Fig. 6.7). We conclude a good correlation between the magnitude 
of the training effect of HEB (inset of Fig. 6.7 or Fig. 6.3) and the decrease of the fraction of 
pinned uncompensated moments as a function of n (Fig. 6.7). These observations strongly 
suggest that the training effect in the system under consideration is determined by the 
decrease of the pinned AFM uncompensated magnetization mn (and consequently of funcomp). 
This is in agreement with the DS model. 
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6.4 Temperature effect of epitaxial and polycrystalline NiFe/FeMn 
 
We have also investigated the temperature dependence of HEB for all three samples 
and the results are depicted in Fig 6.8(a). The data at T = 5 K in Fig. 6.8 are those measured 
for n = 12. One can observe a monotonic decrease of HEB with increasing temperature for all  
 
 
Fig. 6.8: Temperature dependence of: (a) HEB and (b) HC of the Ni80Fe20/Fe50Mn50 bilayers 
with (110) and (001) oriented Fe50Mn50, and polycrystalline Fe50Mn50 layers. 
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three samples. For a given temperature, the polycrystalline sample has the largest values of 
HEB, up to 4 times higher in comparison with the epitaxial samples. HEB of the epitaxial 
samples shows a qualitatively similar temperature dependence with a relatively stronger 
decrease of HEB at low temperatures followed by a weaker decrease at higher temperatures. At 
each temperature, the values of HEB of the (001) oriented sample are slightly higher than the 
corresponding ones of the (110) oriented sample.  
Fig. 6.8(b) shows the temperature dependence of HC for all three samples. HC 
decreases for all samples monotonously with increasing temperature. Moreover, one can see 
that HC also depends on the crystalline structure of the bilayers. At each temperature, the 
highest value of HC corresponds to the (001) oriented sample, followed by the one 
corresponding to the (110) oriented sample. The smallest value of HC was observed for the 
polycrystalline sample, even though this sample shows the highest values of HEB as compared 
to the epitaxial samples. The polycrystalline sample is the most attractive one from an 
applications point of view due to the higher HEB and smaller HC in comparison with the 
epitaxial samples.  
The dependence of HEB on the crystalline structure of the Fe50Mn50 layer is interpreted 
in the framework of the DS model [16-18]. After cooling down the samples in the presence of 
a magnetic field, a metastable DS is induced in the Fe50Mn50 layer. The formation of the DS 
depends on the degree of structural order in the AFM. Therefore, different kinds of structural 
and compositional defects [17,152,155] acting as pinning centers for the AFM domain walls 
contribute to the creation of the AFM DS. Since the epitaxial growth of (110) Fe50Mn50 was 
observed to be superior compared to the epitaxial growth of (001) Fe50Mn50, we expect less 
defects in the (110) Fe50Mn50 as compared to the (001) Fe50Mn50. This superior quality of the 
(110) epitaxial Fe50Mn50 gives rise to a DS with a reduced number of domain walls. 
Therefore, the number of uncompensated moments is reduced giving rise to a small HEB. On 
the other hand, for the polycrystalline Fe50Mn50 a structure containing crystalline grains with 
mean diameter of 18 nm was observed by scanning tunneling microscopy measurements [19] 
(see Fig. 4.4, chapter 4). Under the hypothesis that the grain boundaries act also as domain 
walls for the AFM domains [19], it is expected that a larger number of AFM domains as well 
as a larger number of uncompensated moments are to be found in the polycrystalline 
Fe50Mn50. This gives rise to the larger HEB values of the polycrystalline sample in comparison 
with the ones of the epitaxial samples. On the other hand, the smaller crystalline grains of the 
polycrystalline sample as compared to the epitaxial samples also have an important impact on 
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the coercivity of the bilayers. According to the random anisotropy model [111,205], the 
smaller the FM grain size, the lower is the FM coercivity. This explains why the coercivity of 
the polycrystalline sample is lower than that of the epitaxial samples (Fig. 6.8(b)). The 
different values of HC of the two epitaxial samples could also be a consequence of different 
grain sizes of the two epitaxial samples.  
 
6.5 Conclusions 
 
We have shown that both the exchange bias field and the coercive field of 
Ni80Fe20/Fe50Mn50 bilayers grown on different substrates show a magnetic training effect. The 
magnitude of the training effect depends on the crystalline structure of Fe50Mn50, being larger 
for the polycrystalline sample and decreasing in magnitude with increasing quality of the 
epitaxial growth. The training effect was found to originate from the cycle number 
dependence of H1, the switching field of the descending branch of the hysteresis loop. A very 
good qualitative agreement between the decrease of the fraction of pinned uncompensated 
moments of an AFM monolayer and the decrease of the exchange bias field as a function of 
the hysteresis cycle number (n) was found. The exchange bias field and the coercive field of 
all three samples decrease with increasing temperature, but at each temperature the exchange 
bias field of the polycrystalline sample is larger as compared to the exchange bias field of the 
epitaxial samples. On the other hand, at each temperature the coercive field of the 
polycrystalline sample shows the smallest values as compared to the epitaxial samples. The 
results can be explained in the framework of the DS model taking into account the quality of 
the crystal growth and the grain structure of the Ni80Fe20/Fe50Mn50 bilayers. 
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Chapter 7 
Exchange biasing amorphous ferromagnetic thin 
films. Applications towards spin valves with GMR 
and TMR 
 
In the previous chapters we have discussed the exchange coupling between crystalline 
ferromagnetic and antiferromagnetic thin films. However, amorphous ferromagnetic thin 
films, such as CoFeB are recently intensively used in various applications which comprise 
spin valves. In this chapter we discuss the exchange coupling between such an amorphous 
ferromagnet and a crystalline antiferromagnet. The effects of various magnetic and 
nonmagnetic interlayers at the interface between the amorphous ferromagnet and the 
crystalline antiferromagnet on exchange bias are presented. The results are used to develop a 
new type of spin valve with two in plane orthogonal anisotropy directions.  
 
7.1 Motivation 
 
The discovery of the giant magnetoresistance (GMR) effect in Fe/Cr/Fe layers in the 
late 1980s [3,4] gave rise to intense research activities on magnetic multilayers and to a wide 
range of applications, including GMR field sensors and read heads [215-217]. Among other 
advantages, GMR sensors provide high sensitivity by virtue of their large change in 
magnetoresistance and good reliability. A GMR spin valve sensor comprises a magnetic 
reference layer system whose magnetization direction is fixed and a free magnetic layer 
whose magnetization direction will align along the external applied field to be measured. 
Reference and free layer are separated by a nonmagnetic conductive spacer layer. Similarly, 
in magnetic tunnel junctions based on the tunneling magnetoresistance effect (TMR) the 
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conductive spacer layer is replaced by a nonconductive one, such as AlOx or MgO 
[11,12,218]. Ideally, the direction of magnetization in the reference layer is kept constant 
within the field range being measured. This can be either achieved by employing exchange 
coupling with an adjacent antiferromagnetic (AFM) layer [215-217], by using an artificial 
antiferromagnetic reference layer system [219] or by a combination of both [49]. The latter is 
generally considered as optimum solution due to superior magnetic stability and weakest 
mutual reciprocal effect between both layers. Exchange bias (EB) thus critically determines 
the magnetic stability of such a spin valve against external fields.  
Although many spin valves comprise crystalline ferromagnetic (FM) sense (free) 
layers, such as NiFe, CoFe or Co, there are special applications which require very soft FM 
layers. It is known that in amorphous or nanocrystalline materials, the variation of the local 
magnetic anisotropy can be reduced due to the averaging effect within the magnetic exchange 
length [220]. This leads to extremely soft magnetic properties with well defined uniaxial 
anisotropy axis in those materials which makes them superior to crystalline soft magnetic 
materials. Moreover, the effect of the non-magnetic constituents (such as boron or silicon) is 
to make the electrical resistivity of amorphous films about an order of magnitude higher than 
for crystalline films. There is thus a reduction of shunting effects in CIP (current in plane) 
GMR stacks and a fall of eddy current losses in high frequency applications. The combination 
of these properties makes amorphous soft magnetic thin films promising candidates for the 
sense layers in GMR sensors, enabling the dynamic range to be extended through an increase 
in the magnetic anisotropy of the magnetic free layer without deterioration of the soft 
magnetic behavior.  
AFM layers such as IrMn, PtMn, NiMn or FeMn have been extensively used in spin 
valves for exchange biasing crystalline FM layers [171,221-223]. However, these materials 
are crystalline, and thus the properties of the interface between an amorphous layer and a 
crystalline AFM are critical to the successful exploitation of spin valves incorporating 
amorphous FM layers. 
 
7.2 Exchange biasing the amorphous FM CoFeB 
 
CoFeB has recently become the most used amorphous FM in spin valves based on 
GMR and TMR. This is mainly due to its well defined uniaxial anisotropy and very high 
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values of the magnetoresistance effect when using the amorphous FM as electrode in spin 
valves [158,224-226]. Moreover, other important properties of the amorphous CoFeB, such as 
very low coercivity (below 1 Oe) and high electrical resistivity have turned the amorphous 
CoFeB into a promising candidate for spin valves. In the reference layer system of a spin 
valve, the amorphous CoFeB has to be exchange coupled via exchange bias with an AFM, 
which is usually crystalline. 
Various experimental studies were performed in order to explore the exchange 
coupling at the interface between the amorphous CoFeB and a crystalline AFM [164,227-
230]. Most of these studies refer to bottom-pinned magnetic stacks (i.e. where the FM is 
grown on top of the AFM). Generally, it has been found that the basic EB properties of 
bottom-pinned bilayers are very similar for both crystalline and amorphous FM layers [227-
230]. In other words, similar EB properties can be obtained by depositing on top of a 
crystalline AFM either an amorphous or a crystalline FM. On the other hand, the EB 
properties may change for the top-pinned configuration (i.e. where the AFM is grown on top 
of the FM). However, little information can be found in literature concerning this topic [22]. 
The only work related to this topic belongs to Fujita et al. [164]. They showed that the EB 
properties in the top-pinned configuration have a particular character for amorphous FMs. It 
was found that no exchange coupling appears when the crystalline AFM FeMn is deposited 
on top of an amorphous CoFeB layer. However, by inserting a thin crystalline FM layer of 
NiFe between the amorphous CoFeB and the crystalline FeMn it was possible to exchange 
bias the CoFeB layer by the AFM FeMn layer, through the NiFe layer [164].  
In order to learn more about the EB properties of the top-pinned configuration we 
studied the exchange coupling between the amorphous FM CoFeB and the crystalline AFM 
IrMn [22]. For this purpose, we have deposited a sequence of samples (FM/AFM bilayers) 
with the following structure: SiO2/Cu or Ru (7.5 nm)/Co60Fe20B20 (y nm)/ Ir25Mn75 (8 nm)/Ru 
(7 nm). The samples were deposited by magnetron sputtering using a LEYBOLD DC and RF 
magnetron sputtering system with 6 targets (3 inch size) and with a base pressure of 2x10-8 
mbar. The samples were prepared at room temperature and in absence of any applied 
magnetic field. After deposition, in order to initialize the EB direction and to induce a 
uniaxial anisotropy in the FM layer the samples were annealed in an Ar+N2 atmosphere at 
270 °C for 30 minutes in a magnetic field of 5 kOe, applied in the sample’s plane. The 
temperature for annealing is higher than the blocking temperature of thin films of IrMn (~250 
°C). The annealing temperature is also well below the crystallization temperature of the 
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amorphous Co60Fe20B20, which has been found to be about 320 °C [228]. As a seed layer for 
the FM/AFM bilayers we used either Cu or Ru. The thickness y of the amorphous CoFeB was 
varied between 2 and 5 nm. Before the magnetic measurements, the samples (3 inch wafers) 
were cut in peaces of 5x10 mm2.  
The magnetic properties were measured at room temperature using an Alternating 
Gradient Magnetometer (AGM) from Princeton Measurements Corp. and a Nano-MOKE II 
(Magneto-Optical Kerr Effect) magnetometer from Durham Magneto Optics Ltd. The 
switching fields of the hysteresis loops, H1 and H2, were used to determine the EB field HEB 
and the coercive field HC according to HEB = (H1 + H2) / 2 and HC =│H1 – H2│/ 2, 
respectively. 
A typical hysteresis loop of a sample with y = 2 nm and with a seed layer of Cu is 
shown in Fig. 7.1. One can see that the hysteresis loop shows no shift along the field axis 
direction (no HEB) and additionally HC had a very small value of about 0.5 Oe. The value of 
HC of the CoFeB is even lower as compared to that of an NiFe layer of equal thickness (which 
is about 3 Oe). The hysteresis loop shows that no exchange coupling takes place at the 
interface between the amorphous CoFeB and the crystalline IrMn, in the top-pinned 
configuration. Similar results were obtained when varying the thickness of the CoFeB layer (y 
= 2, 3 and 5 nm) as well as when replacing the Cu seed layer by a Ru seed layer.  
 
 
Fig. 7.1: Hysteresis loop at room temperature of a SiO2/Cu (7.5 nm)/Co60Fe20B20  
(2 nm)/Ir25Mn75 (8 nm)/Ru (7nm) sample. The inset zooms in the hysteresis loop at low 
values of the magnetic field. 
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The absence of measurable exchange bias and a very low coercive field in these 
samples are in agreement with the work of Cardoso et al. [228], who found no EB in a 
magnetic tunnel junction containing a Co64Fe16B20 (3 nm) / IrMn (9 nm) bilayer. Cardoso et 
al. also suggested that the lack of HEB in the above sample may be attributed to the direct 
deposition of the IrMn layer on top of the amorphous CoFeB [228]. On the other hand, in 
other studies [176-178] the formation of the AFM phase in IrMn layers is found to be 
associated with the (111) texture of the IrMn layer. However, there are also contrary results 
showing no direct correlation between the AFM phase of IrMn and its (111) texture [231]. 
In the following the exchange biasing of CoFeB by IrMn is investigated by studying 
the influence of various magnetic and nonmagnetic interlayers introduced at the interface 
between the amorphous CoFeB and the crystalline IrMn. The magnetic properties of the 
resulted trilayer, such as exchange bias field, coercive field and blocking temperature are 
discussed in relation to the structural properties of the AFM IrMn. 
 
7.3 Effects of FM interlayers on the EB of CoFeB/FM/IrMn 
 
Crystalline FM interlayers, such as NiFe or CoFe were introduced at the interface 
between the amorphous FM CoFeB and the crystalline AFM IrMn. First, samples with the 
structure: SiO2 / Cu(7.5 nm) / Co60Fe20B20(2 nm) / Ni80Fe20(x nm) / Ir25Mn75(8 nm) / Ru(7 nm) 
were prepared by magnetron sputtering and annealed under the same conditions as mentioned 
in section 7.2. For this group of samples the crystalline FM Ni80Fe20 (permalloy) was 
introduced at the interface between the amorphous CoFeB and the crystalline IrMn. The 
thickness x of the Ni80Fe20 layer was varied from 0 to 12.5 nm.  
The sample with x = 0 is similar to those discussed in section 7.2 and is characterized 
by a very low coercivity and zero exchange bias field HEB. The insertion of the thin NiFe 
interlayer (x > 0) promotes the appearance of exchange coupling between the CoFeB and 
IrMn. Figure 7.2 shows the hysteresis loops of three samples with different thicknesses x of 
the NiFe interlayer, measured at room temperature along the anisotropy direction induced by 
the annealing and field cooling. One can observe that the insertion of a thin layer of 3.5 nm 
NiFe gives rise to an HEB of -50 Oe. Additionally, HC increases up to a value of 42 Oe. The 
further increase of x up to 6.5 nm gives rise to a hysteresis loop completely shifted towards 
negative magnetic fields. From Fig. 7.2 it can be observed that the increase of x from 3.5 nm  
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Fig. 7.2: Hysteresis curves at room temperature of CoFeB (2 nm) / 
NiFe(x nm) / IrMn(8 nm) for three different thicknesses x of the NiFe layer. 
 
to 6.5 nm results in an enhancement of HEB by a factor of 3 (from -50 Oe to -146 Oe) while 
HC does not increase significantly (from 42 Oe to 49 Oe).   
The dependence of the absolute value of HEB and of the coercivity HC on the thickness 
of the NiFe layer between the amorphous CoFeB and the crystalline IrMn is plotted for all 
samples in Fig 7.3. EB appears when the thickness of the NiFe layer is about 2 nm or thicker.  
 
 
Fig. 7.3: Dependence of the absolute value of exchange bias field |HEB| and coercive field HC 
of CoFeB(2 nm) / NiFe(x nm) / IrMn(8 nm) on the thickness x of the NiFe layer. 
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By increasing the thickness of the NiFe layer further |HEB| rises to a maximum (which 
corresponds to 146 Oe for 6.5 nm of the NiFe layer) and then decreases for larger x values. At 
the same time, HC increases with increasing x up to a value of about 53 Oe (for x = 5 nm) and 
stays almost constant at larger x values. 
In order to find out the structural changes of the trilayers which give rise to the 
magnetic properties shown in Fig. 7.3, X-ray diffraction measurements were performed for 
samples with different thicknesses of the NiFe interlayer. Parallel beam X-ray powder 
diffraction was employed on a Bede D1 diffractometer equipped with a Microsource® 
generator and an (X-ray Optical Systems Inc.) parallel output polycapillary optics of 
divergence 0.1° from the University of Durham – UK. All data were taken using Cu Kα 
radiation, the Cu Kβ line being removed by a Ni filter. Measurements were taken in the 
symmetric θ-2θ geometry, the scattering vector thereby always lying normal to the film 
surface. The intensity of a specific hkl Bragg peak therefore arises only from scattering by 
crystallites oriented with the (hkl) planes lying in the specimen surface.  
The X-ray diffraction measurements show that structural changes are associated with 
the above changes in the magnetic behavior. Fig. 7.4 shows the θ-2θ scans of samples with 
different thicknesses x of the NiFe layer. When the IrMn layer is deposited directly on top of 
 
 
Fig. 7.4: X-ray diffraction scans of SiO2 / Cu(7.5 nm) / CoFeB(2 nm) / NiFe(x nm) /      
IrMn(8 nm) / Ru(7 nm) for different thicknesses x of the NiFe layer. 
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the amorphous CoFeB layer (x = 0) only a very weak (111) IrMn peak is observed. However, 
on inserting the NiFe layer the intensity of the (111) IrMn peak increases substantially, 
despite there being no change in the IrMn thickness (Fig. 7.4). The area under the (111) IrMn 
peak increases with increasing NiFe thickness as shown in Fig. 7.5(a), reaching a plateau at 
about the thickness where HEB peaks and HC also exhibits a plateau. As the (111) IrMn peak 
intensity rises, there is an approximately exponential decrease in the full width at half 
maximum (FWHM) of the peak (Fig 7.5(b)). These observations indicate a substantial 
improvement of the (111) texture of the IrMn layer with increasing the thickness of the NiFe 
underlayer.   
NiFe is known to act as a good seed layer for the growth of spin valve systems. The 
data of Fig. 7.4 indeed show that the crystalline NiFe layer acts as a seed layer for the growth 
of (111) textured IrMn. The appearance of EB in the CoFeB/NiFe/IrMn system is directly 
related to the appearance of the (111) texture of the IrMn layer. In other words, the (111) 
texture of the IrMn layer is associated with the AFM state of the IrMn layer, which in contact 
with the FM layer gives rise to EB. From Fig. 7.5(a) one can observe that the integrated 
intensity of the (111) IrMn peak reaches a plateau when the thickness of the NiFe layer is 
between 6.5 nm and 10 nm. However, Fig. 7.3 shows that HEB decreases in this regime with 
increasing NiFe thickness. This decrease of HEB is the consequence of the increase of the total 
FM layer thickness [35,51]. Therefore, the maximum of HEB with increasing x is given by the 
competition between the tendency of increasing the HEB as a consequence of improving the  
 
  
 
Fig. 7.5: (a) Integrated intensity under the IrMn (111) diffraction peak and  
(b) FWHM (full width at half maximum) of the IrMn (111) diffraction peak as a function  
of the NiFe layer thickness x. 
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(111) texture and AFM phase of the IrMn layer and the tendency of decreasing the HEB 
following the 1/t law as a consequence of increasing the total thickness of the FM layer (t). 
The effect of increasing the thickness of the amorphous CoFeB for a constant thickness of the 
NiFe layer was also checked. In this case the well known decrease of HEB following the 1/t 
law was observed.  
In the following the effects of temperature on the EB properties of the above trilayers 
are investigated. Magnetic characterizations at higher temperatures (from room temperature 
up to 270 °C) were performed by using an electronically controlled heating stage within the 
NanoMoke II set-up. Fig. 7.6(a) shows the temperature dependence of HEB in a temperature 
range from room temperature up to 270 °C. HEB decreases with increasing temperature for all 
samples. However, the blocking temperature TB (at which HEB vanishes) increases with 
increasing x, as shown in Fig 7.6(b). TB increases from about 160 °C for the sample with        
x = 2.7 nm up to more than 220 °C for the sample with x = 6.5 nm. Increasing x further, TB 
remains almost constant. The value of TB shows a very tight linear dependence on the 
integrated intensity under the (111) IrMn X-ray diffraction peak (Fig 7.7(a)), TB rising with 
increase of the (111) texture. Although there is also an approximately linear decrease of TB as 
a function of the FWHM of the (111) IrMn peak (Fig 7.7(b)), the scatter in the data is much 
higher. 
 
  
 
Fig. 7.6: (a) Temperature dependence of exchange bias field HEB of CoFeB (2nm) / 
NiFe (x nm) / IrMn (8 nm) for different thicknesses x of the NiFe layer and (b) dependence of 
the blocking temperature TB on the thickness x of the NiFe layer, as evaluated from the 
intercepts in Fig. 7.6(a) 
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The increase of TB with x is the consequence of improving the (111) texture of the 
AFM phase of IrMn. As observed from Fig 7.5(a), the (111) IrMn peak reaches its maximum 
integrated intensity as the thickness of the NiFe layer is between 6.5 nm and 10 nm. This 
corresponds to a stabilization of the AFM phase of the IrMn layer. As a consequence, almost 
constant values of TB of the samples with thicknesses of the NiFe layer between 6.5 nm and 
10 nm are observed. Furthermore, the excellent linear correlation between TB and the (111) 
texture of the IrMn (Fig 7.7(a)) provides very strong support for direct influence of the texture 
on the exchange bias and blocking temperature. 
 
 
Fig. 7.7: Blocking temperature TB as a function of (a) the integrated intensity under 
the IrMn (111) diffraction peak and (b) full width at half maximum FWHM of the IrMn (111) 
diffraction peak. The lines are linear fits to the data. 
 
Recalling that there is no change in the IrMn thickness, a reduction in the FWHM of 
the IrMn peak with increase in NiFe layer thickness (Fig. 7.5(b)) can arise in two ways. 
Firstly there may be an increase in the thickness of the coherently diffracting region normal to 
the film plane or there may be a reduction in the stress perpendicular to the film plane. In both 
cases, the reduced FWHM indicates improved crystallinity. Increase in the diffracting domain 
size normal to the film could arise from better columnar growth, possibly resulting from 
initial nucleation of laterally larger grains on the crystalline NiFe surface. The linear decrease 
of TB with FWHM implies a 1/d dependence of the grain dimension d perpendicular to the 
plane. Increase in initial grain size and improved (111) texture could also result in the 
reduction of the stress levels in the film. The quality of the data is not sufficient to distinguish 
between the Gaussian and Lorentzian lineshapes associated with the two mechanisms. While 
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the improvement in the size and perfection of grains does correlate with the increase in 
blocking temperature TB, the correlation is weaker than that between TB and the degree of 
(111) texture. The indication is that the texture is the dominant parameter, the improved 
crystallinity resulting in the improved growth of the (111) texture. 
For another series of samples the Ni80Fe20 FM interlayer was replaced by a Co50Fe50 
FM interlayer. The samples have the following layer sequence: SiO2/Cu(7.5 
nm)/Co60Fe20B20(2 nm)/Co50Fe50 (x nm)/Ir25Mn75(8 nm)/Ru(7 nm) and were prepared and 
annealed under the same conditions as the samples with the NiFe interlayer. Magnetic 
measurements at room temperature of these samples show no EB in the whole investigated 
CoFe thickness range from x = 0 to 6 nm. What was found, though, was an increase in HC 
from 0.5 Oe ( x = 0) up to 170 Oe for the sample with x = 6 nm, as shown in Fig. 7.8. 
 
 
Fig. 7.8: Dependence of the exchange bias field HEB and coercive field HC of CoFeB(2 nm) / 
CoFe(x nm) / IrMn(8 nm) on the thickness x of the CoFe interlayer. 
 
These results show that use of the crystalline FM Co50Fe50 as interlayer at the interface 
between the amorphous CoFeB and the crystalline AFM IrMn does not result in the 
development of exchange bias, but there is an increase in HC.  This suggests that the CoFe 
layer does not act as seed layer to promote the AFM (111) texture in the IrMn layer. This 
result can be understood by taking into consideration the growth of the CoFe layer on top of 
the amorphous CoFeB layer. Jung et al. [232] have shown that the growth of a CoFe layer on 
an amorphous substrate (glass) gives rise to a poor structural quality with a weak (100) 
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texture and low angle grain boundaries. In contrast, when the CoFe layer is deposited on a 
crystalline seed layer (such as Ta, Cu, Ru), a (110) texture and columnar grains were observed 
[232]. As a consequence, on crystalline seeds a good exchange coupling between CoFe and 
IrMn layer can be obtained [178]. The poor structural quality and the lack of the (110) texture 
of the CoFe layer when deposited on an amorphous substrate obviously suppress exchange 
coupling at the interface with the IrMn layer. Moreover, no (111) texture was found in IrMn 
when deposited on top of a CoFe layer which further supports this concept [233]. The 
increase of HC of these samples may be due to a variation of grain size and/or roughness when 
inserting the CoFe layer at the interface between the CoFeB and IrMn. Moreover, the 
coercivity of CoFe layers is usually much larger than that of amorphous CoFeB layers.  
 
7.4 Effects of non-magnetic (NM) interlayers on EB of 
CoFeB/NiFe/NM/IrMn 
 
Exchange bias of the FM/NM/AFM systems containing a non-magnetic (NM) 
interlayer (or spacer) at the interface between the FM and AFM is widely discussed in 
literature. This is mainly due to the fact that studying such systems one can answer 
fundamental questions related to the origin and the nature of the EB effect. By introducing a 
spacer layer at the FM/AFM interface one can reveal for instance whether the EB effect is a 
purely interfacial effect or that the volume of the AFM plays also a role in determining the EB 
properties. Additionally, one can determine if the EB interaction is due to nearest-neighbor 
exchange coupling at the FM/AFM interface or if it is a long-range interaction. However, the 
numerous experimental results from the literature concerning this topic are contradictory in 
various aspects. Although most of the reports have shown that the EB field HEB decreases 
with increasing the thickness of a NM spacer layer at the interface between an FM and an 
AFM [234-241] there are also studies which show that, depending on different parameters, 
some NM spacers can give rise to either an enhancement or a reduction of HEB [236,242,243]. 
Moreover, in other studies [244,245] it was shown that HEB can be solely enhanced by the 
presence of a NM spacer layer at the interface between an FM and an AFM.  
The decrease of HEB with increasing thickness of the NM spacer layer has been 
reported to differ from system to system. For example, HEB was found to either exponentially 
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decrease [234-236], oscillate [236,237] or to follow a particular power low upon increasing 
the thickness of the spacer layer [238-241].   
The fundamental question concerning the range of the EB interaction is also a matter 
of ongoing debate. Gökemeijer et al. [234,235] as well as other groups [239,240] claimed to 
have found evidence of a long-range EB to as much as 50 Å [234,235]. They have attributed 
the long-range EB interaction to the conduction electrons in the spacer layer which may be 
involved in the mediation of the exchange coupling [234,235]. On the other hand, Thomas et 
al. [236] and Paul et al. [245] have found contrary results and claimed that the EB is a short-
range, interfacial interaction. They have attributed the decrease of HEB due to a discontinuous 
NM spacer layer to the effect of roughness and pinholes between the FM and the AFM 
[239,245]. Yet another report [238], showing a continuous spacer layer completely separating 
the FM and the AFM, suggests that the origin of EB is not necessarily a nearest-neighbor 
(direct exchange) or next-nearest-neighbor (superexchange) coupling mechanism. However, 
they do not confirm a long-range exchange coupling which extends as much as 50 Å from the 
interfaces, as it was reported in Ref. [234].  
 Although the above results are contradictory in various aspects, most of them suggest 
that one can modify the strength of the exchange bias field HEB and coercive field HC by 
inserting a very thin NM spacer layer at the interface between a FM and an AFM. In order to 
further tune the exchange bias properties of the CoFeB/NiFe/IrMn samples discussed in 
previous section we have checked the influence of two different NM spacer layers at the 
interface between the FM NiFe layer and the AFM IrMn layer. As NM spacer layer either Ru 
or Cu was used. 
 We chose two samples from those studied in the previous section 7.3 and we inserted a 
NM spacer at the interface between the FM and the AFM. The samples with Ru as spacer 
layer have the following layer sequence: SiO2 / Cu(7.5 nm) / CoFeB(2 nm) / NiFe(3.5nm) /        
Ru(t nm) / IrMn(8 nm) / Ru(7.5 nm). The deposition parameters for Ru were tuned in order to 
grow very thin films. The smallest thickness t of the Ru spacer was 0.38 nm. This thickness is 
of the order of magnitude of the lattice constants of the hexagonal (hcp) Ru (a = 0.271 nm and 
c = 0.428 nm) and represents roughly about 1 monolayer of Ru (depending on the growth 
orientation of Ru atoms on top of the NiFe layer it might be more or less than 1 monolayer). 
The sample with Cu as spacer layer had the following layer sequence: SiO2 / Cu(7.5 nm) / 
CoFeB(2 nm)/NiFe(5nm)/Cu(t nm)/IrMn(8 nm)/Ru(7.5 nm). The NiFe layer of this sample is 
thicker than the one of the sample with Ru spacer layer. Hence, as shown in section 7.3, HEB 
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should be larger for this sample as compared to that of the sample with Ru spacer (the thicker 
NiFe layer contributes to a better (111) texture and AFM phase of IrMn). The smallest 
thickness t of the Cu spacer layer was 0.42 nm. Both NiFe and Cu have a cubic (fcc) structure 
with almost similar lattice constants of about 0.36 nm. Hence, if one considers that the ultra-
thin films are continuous, approximately multiples of a Cu monolayer were inserted at the 
NiFe/IrMn interface. 
Figure 7.9 shows the dependence of HEB and HC of the two sets of samples for 
different thicknesses of (a) Ru and (b) Cu spacer layers. One can notice that HEB of both sets 
of samples decreases with increasing the thickness of the spacer layer. Because of the limited 
experimental data points we cannot precisely determine if the decrease of HEB and HC follows 
any specific dependence (such as exponential or power low). The decrease of HEB with 
increasing thickness t of the spacer layer is similar both for Ru and Cu. HEB of the samples 
with a Cu spacer almost vanishes when the thicknesses of the Cu spacer is 1.26 nm (about 3.4 
monolayers). The samples with a Ru spacer layer show smaller HEB values as compared to the 
samples with Cu spacer; however, they still show a small HEB at a Ru thickness of 1.14 nm. 
The decrease of HEB with the thickness of the NM spacer layer, as shown in Fig. 7.9, is in 
agreement with other results from the literature concerning this topic [234-239].  
Our results show that HEB vanishes at relatively small thicknesses (of about 1.2 nm) of 
the NM spacer layer at the interface between the FM NiFe and the AFM IrMn. This result 
does not support the hypothesis of a long-range exchange coupling across a NM spacer layer, 
as suggested by Gökemeijer et al. [234,235]. The decrease of HEB with the thickness of the  
 
 
Fig. 7.9: Dependence of the exchange bias field HEB and coercive field HC on the 
thickness of a nonmagnetic spacer layer of (a) Ru and (b) Cu inserted at the 
 interface between the FM NiFe and the AFM IrMn. 
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spacer layer may be associated with interfacial roughness and pinholes between the FM and 
the AFM. The NM spacer layers up to 1 nm thick (equivalent to less than 3 monolayers of Ru 
or Cu) are most likely discontinuous films [238,245]. They influence the roughness at the 
FM/AFM interface and create pinholes between the FM and the AFM. This results in a partial 
decoupling of the FM by the AFM hence reducing the strength of biasing. Thicker NM spacer 
layers (exceeding 1 nm) are probably continuous films which completely separate the FM by 
the AFM hence leading to the suppression of the exchange coupling between the FM and the 
AFM. However, exchange coupling through a continuous spacer layer of about 2.5 nm has 
been also reported [235,238], giving rise to the long-range exchange bias hypothesis. 
Figure 7.9 also shows the dependence of the coercive field HC on the thickness of the 
spacer layer. One can observe a very similar dependence of HC and HEB on the thickness of 
the spacer layer. Hence, one can reduce the coercivity of the EB bilayers by inserting an ultra-
thin NM spacer layer. However, this decreases simultaneously the value of HEB. The decrease 
of HC with the thickness of the spacer layer can be explained by using the same arguments as 
for explaining the decrease of HEB. The presence of a discontinuous spacer layer at the 
FM/AFM interface gives rise to a reduction in the strength of the exchange interaction 
between the FM and the AFM. Hence, the pinning of the FM by the AFM is reduced giving 
rise to a reduced coercivity. A similar dependence of coercivity on the spacer layer thickness 
has been observed also by other groups [235,236,239]. However, Ali et al. [242] have 
reported no significant change in coercivity with increasing the thickness of various NM 
spacer layers at the interface between Co and IrMn.  
The temperature dependence of HEB of FM/AFM systems containing a NM interlayer 
is less discussed in literature [235,241]. Gökemeijer et al. [235] have shown that HEB of the 
NiFe/Cu(t nm)/CoO samples is nearly constant at low temperatures but decreases rapidly as 
the Néel temperature (TN) of the AFM CoO is approached and vanishes above TN. They also 
found that the coercivity follows a different temperature dependence as compared to that of 
HEB, decreasing steadily with increasing temperature. In the study of Gökemeijer et al. [235], 
samples with different thicknesses t of the Cu spacer layer (t = 0 ~ 20 Å) showed similar 
temperature dependencies of HEB and HC. Hence, the blocking temperature was constant and 
independent on the thickness t of the Cu spacer layer [7.35]. Recently, Valev et al. [241] have 
shown that HEB of Fe/Cu(t nm)/CoO with t = 0 – 3.5 nm shows an almost linear decrease with 
temperature for t ≤ 1.5 nm. For t > 1.5 nm HEB is nearly constant at low temperatures and 
decreases abruptly at higher temperatures, similar to the results of Gökemeijer et al. [235].  
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Fig. 7.10: (a) Temperature dependence of the exchange bias field HEB of samples with 
different thicknesses t of the Ru spacer layer between the FM NiFe and the AFM IrMn.          
(b) dependence of the blocking temperature TB on the thickness t of the Ru spacer layer,  
as evaluated from the intercepts in Fig. 7.10(a) 
 
Again, TB was found to be constant and independent upon increasing the thickness t of the Cu 
spacer layer.  
We have performed magnetic characterizations of our samples at higher temperatures 
(up to about 250 °C) by using an electronically controlled heating stage within the NanoMoke 
II set-up. Fig. 7.10(a) shows the temperature dependence of HEB for the samples with different 
thicknesses of the Ru spacer layer. For each thickness of the Ru spacer layer, HEB decreases 
almost linearly with temperature. This temperature dependence of HEB is nearly the same as 
that reported by Valev et al. [241] for the system CoO/Cu(t)/Fe for small thicknesses t (t ≤ 1.5 
nm) of the Cu spacer layer. However, our results reveal a fundamental difference concerning 
the behavior of the blocking temperature. In contrast to other results from the literature 
[235,241] we report that not only HEB and HC but also TB depends upon the thickness of the 
spacer layer inserted at the interface between an FM and an AFM. Fig. 7.10(b) clearly 
illustrates that TB decreases with increasing thickness of the Ru spacer layer, from about     
170 ºC for the sample without spacer layer to about 40 ºC for the sample with a 1.14 nm Ru 
spacer layer.  
 The samples with a Cu spacer layer show a similar temperature dependence of HEB 
with that of the samples with a Ru spacer layer. The temperature dependence of HEB of the 
samples with different thicknesses of the Cu spacer between the FM NiFe and the AFM IrMn  
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Fig. 7.11: (a) Temperature dependence of the exchange bias field HEB of samples with 
different thicknesses t of the Cu spacer layer between the FM NiFe and the AFM IrMn  
(b) dependence of the blocking temperature TB on the thickness t of the Cu spacer layer,  
as evaluated from the intercepts in Fig. 7.11(a) 
 
is shown in Fig. 7.11(a). The figure shows that HEB decreases linearly with temperature for all 
thicknesses of the Cu spacer layer. TB decreases with increasing the thickness of the Cu spacer 
layer, as shown in Fig. 7.11(b). This decrease is similar to that of TB of the samples with a Ru 
spacer layer. However, slightly higher values of TB can be observed for the samples with a Cu 
spacer as compared to those with a Ru spacer. 
 The decrease of TB upon the insertion of an NM spacer at the FM/AFM interface can 
be explained by taking into account the spin configuration, the structural modifications and 
the interlayer diffusion effects [246-248] favored by the presence of the NM spacer and by the 
annealing effects. We have shown in chapter 4 of this thesis [19,20] that the presence of NM 
defects at the FM/AFM interface and in the volume of the AFM gives rise to a variation of 
HEB and to a decrease of TB. The very thin NM spacer layers of Ru and Cu are most likely 
discontinuous films forming a structure with pinholes at the interface between the FM NiFe 
and the AFM IrMn. The NM discontinuous spacers may act similar to NM defects [16,18-20] 
giving rise to a modified spin configuration at the FM/AFM interface. Moreover, the post-
deposition annealing at 270 ºC for 30 min of the samples and the heating of the samples 
during the measurements favor the diffusion and segregation effects [246-248] of Cu and Ru 
in the IrMn layer. This would give rise to a “diluted AFM” similar to the one we have 
presented in Ref. [20] and in chapter 4. However, due to diffusion effects from the interfacial 
spacer layer it is most probably that the nonmagnetic atoms are inhomogeneous distributed in 
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IrMn. This is in contrast to the intentionally diluted IrMn presented in chapter 4 which is 
expected to posses a homogeneous distribution of NM defects. The NM atoms at the interface 
and in the volume of the AFM would lead to a loss of connectivities in the AFM lattice. This 
results in a decrease of the thermal stability of the AFM and of TB, as shown in Figs 7.10 and 
7.11. The increase of the thickness of the NM spacer layer causes an increase of the 
concentration of the NM atoms or defects at the interface as well as in the volume of the 
AFM. Consequently, TB further decreases (see Figs 7.10 and 7.11), which is in agreement 
with our previous studies [19,20]. Hence, the AFM spin configurations at the FM/AFM 
interface and in the volume of the AFM, which in turn determine HEB and TB, crucially 
depend on the particular configuration and density of surface and volume defects (such as NM 
atoms). 
The small differences in the values of TB of the samples with comparable thicknesses 
of Cu and Ru spacer are due to the different thicknesses of the NiFe layer of the two sets of 
samples (3.5 nm NiFe for the samples with Ru spacer and 5 nm NiFe for the samples with Cu 
spacer). We have shown in section 7.3 that the (111) texture of the AFM phase of IrMn is 
more pronounced when the underlying NiFe layer is thicker (e.g., 5 nm than 3.5 nm) [22]. TB 
was found to depend strongly on the (111) texture of the IrMn layer, being larger by about 20 
ºC for the sample with 5 nm NiFe than for the sample with 3.5 nm NiFe (see Fig. 7.6). The 
same difference of about 20 ºC can be observed from Fig. 7.10 and 7.11 between the values of 
TB of the samples with Cu spacer (5 nm NiFe) and those of the samples with Ru spacer (3.5 
nm NiFe). Moreover, this difference in the values of TB between the two groups of samples is 
preserved with increasing the thickness of the NM spacer layer at the FM/AFM interface. 
 
7.5 Spin valves with two orthogonal uniaxial anisotropies  
 
7.5.1. Introduction 
 
Magnetoresistance is the change of electrical resistance of a conductor when it is place 
in an external magnetic field. The anisotropic magnetoresistance (AMR), first observed by W. 
Thomson (Lord Kelvin) in 1857 [249], describes the difference in the resistance of a 
conductor when a magnetic field is applied parallel and perpendicular to the direction of the 
current, respectively. In the late 1980s Baibich et al. [3] and Binasch et al. [4] independently 
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reported the giant magnetoresistance (GMR) effect in Fe/Cr/Fe layers. They observed that an 
electric current passing through a system consisting of a sequence of ferromagnetic / 
nonmagnetic / ferromagnetic layers (FM/NM/FM) has a different resistance depending on 
whether the FM layers are oriented in parallel or anti-parallel. The change in the resistance 
between the parallel and anti-parallel orientations of the two FM layers was dubbed GMR 
effect. Figure 7.12 shows the magnetoresistance measurements at room temperature of 
Fe/Cr/Fe trilayers performed by Binasch et al. [4]. To the far right as well as to the far left in 
Fig. 7.12 the magnetizations of the two Fe layers are both parallel to the external magnetic 
field. In the intermediate region the magnetizations of the two Fe layers are antiparallel (see 
the arrows from Fig. 7.12). The resistance is small or big when the magnetizations of the two 
FM layers are parallel or antiparallel, respectively.  
 
 
 
 
   
 
 
 
 
 
 
Fig. 7.12: Room temperature magnetoresistance measurements of Fe/Cr/Fe layers, 
performed by Binasch et al. [4]. ∆R is the difference in the resistance between the antiparallel 
and parallel orientation of the two FM layers. From Ref. [4]. 
 
The GMR effect can be understood by considering the conduction electrons in the two 
FM layers. Figure 7.13 shows a plot of the magnetic configuration for the FM/NM/FM 
multilayer, together with the corresponding electron density of states for the two 
ferromagnetic sides. In the absence of a magnetic field (upper part of Fig. 7.13) the two FM 
layers, separated from each other by the NM layer, have opposite magnetization directions. In 
the presence of a magnetic field the magnetizations of the two FM layers will be parallel  
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Fig. 7.13: Schematic illustration of the electronic structure of a GMR system with two FM 
layers separated by an NM layer. The density of states of the electrons in the two FM layers is 
shown for the case when the two FM layers are anti-parallel oriented (upper case) and 
parallel oriented, respectively (lower case). From Ref. [5]. 
 
(lower part of Fig. 7.13). A current sent through the system is composed of two contributions 
– a spin up current and a spin down current – and the resistance for these two currents will 
differ. Moreover, there will be other scattering processes at the FM/NM interfaces giving rise 
to extra resistance. The spin up and spin down electrons have different density of states at the  
 
     
Fig. 7.14: The equivalent resistance of the spin up (down) electrons R↑ (R↓) in two FM layers 
in the case when the two FM layer are aligned antiparallel (left hand side picture) and 
parallel (right hand side picture), respectively. From Ref. [5]. 
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Fermi level (or rather, they originate from energy levels having different character). Hence, 
the resistance not only within the FM layers, but also that originating from the FM/NM 
interface will be different for the two spins. Inside the NM layer the up and down spins will 
experience the same resistance, but generally this is low compared to those in the FM layers 
and FM/NM interfaces and can here be neglected. For simplicity the resistance for spin up 
(down) electrons through the FM layer including the scattering at the interface with the NM 
layer will be called R↑ (R↓). When the two FM layers have parallel spin polarizations 
(magnetizations), the resistance for the spin up channel is 2 R↑ and for the spin down channel 
it is 2 R↓. Hence, as shown in the right hand side of Fig. 7.14 the total resistance RH in the 
presence of an external magnetic field is RH = 2R↑R↓ / ( R↑ + R↓). 
 In the case without external magnetic field the configuration of the two FM layers is 
antiparallel, as shown in Fig. 7.13 - upper part. The antiparallel alignment is favored by the   
antiferromagnetic interlayer exchange coupling through the NM layer [3,4]. In this case the 
scattering in the left part of the multilayer system is exactly the same as for the parallel 
configuration of the Fig. 7.13. However, when a spin up electron enters into the second FM 
layer it finds itself in a totally upside-down situation where the conditions are now exactly the 
same as they were for the spin down electrons in the initial FM layer. Thus the spin up 
electrons will now experience a total resistance of R↑ + R↓ (see Fig. 7.14 - left hand side). The 
spin down electrons will be affected in the same (but opposite) way and their resistance will 
be R↓ + R↑. The total resistance will accordingly be R0 = (R↑ + R↓) / 2. Thus the difference in 
resistance between the two cases becomes:  
∆R = RH – R0 = - (1/2)( R↑ - R↓)2 / (R↑ + R↓). 
The larger the difference between R↑ and R↓ the larger is the negative magnetoresistance. This 
expression clearly shows that the magnetoresistance effect arises from the difference between 
the resistance behavior of the spin up and down electrons.  
Further significant progress in the development of the GMR based spin valve systems 
have been performed in the early 1990s by Dieny et al. [13,250,251] and Parkin et al. 
[252,254].  
Another very important magnetoresistance effect, the so-called tunneling 
magnetoresistance effect (TMR) was discovered in 1975 by Julliere [11]. The effect takes 
place when a current is sent perpendicular to a FM/I/FM system. The insulator (I) used by 
Julliere [11] was an amorphous Ge layer but oxides, such as Al2O3 or MgO were later 
commonly used for magnetic tunnel junctions. When the insulating material is very thin (a 
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few atomic layers) there is a significant probability that electrons can quantum mechanically 
tunnel through the insulating barrier. In this manner a current can be sent through the 
multilayer. Julliere [11] observed for the first time that the quantum mechanically tunneling 
through the insulating barrier depends on the relative orientation of the two FM layers. He 
proposed an explanation based on the conduction electron spin-polarization values of the FM 
electrodes, a model that later groups have essentially adopted. According to this model, if P1 
and P2 are the conduction electron spin polarization of the two FM electrodes, the change in 
the tunnel resistance is given by: 
∆R/R = (Ra-Rp)/Ra = 2P1P2/(1+P1P2),  
where Rp and Ra are the resistances with magnetizations of the electrodes parallel and anti-
parallel, respectively.  
Significant progress in magnetic tunnel junctions has been done after 1995 when 
Moodera et al. [12,255] have found TMR values of about 12% at room temperature in 
CoFe/Al2O3/Co. Further studies revealed much higher TMR values that sometimes exceeded 
200% [256,257]. Recently, values of the TMR effect as high as 472% at room temperature 
and 805% at 5 K have been reported in magnetic tunnel junction with CoFeB/MgO/CoFeB 
[224]. Due to the better performance of the magnetic tunnel junctions they have been chosen 
for applications such as non-volatile MRAM (magnetic random access memories) [9,10].  
 
7.5.2 GMR spin valves with two orthogonal anisotropy directions  
 
The exchange coupling of the amorphous FM CoFeB with the AFM IrMn through a 
NiFe layer presented in section 7.3 can be used for different applications, such as GMR or 
TMR sensors [12,13,250-254]. Here we describe the implementation of the exchange biased 
layers of CoFeB/NiFe/IrMn studied in section 7.3 in a special kind of spin valve sensors (with 
GMR or TMR effect) in which the resistance varies linearly with the applied magnetic field. 
The concept of a spin valve sensor with a linear response of the resistance with the applied 
magnetic field has been presented recently by Nagasaka et al. [258]. They have shown that 
the resistance of a spin valve in which the anisotropy direction of the free FM layer is 
orthogonal to the anisotropy direction of the pinned FM layer depends linearly upon the 
external magnetic field.   
Here we use a similar concept as the one presented by Nagasaka et al. [258]. The 
trilayer system CoFeB/NiFe/IrMn is used here as the upper (“free”) electrode of a spin valve.  
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The anisotropy direction of the upper FM electrode will be set in an orthogonal direction to 
the anisotropy direction of the pinned (lower) FM electrode. Hence, applying a magnetic field 
along the anisotropy direction of the lower FM electrode (equivalent with the easy axis of the 
lower FM electrode) results in a hard axis magnetic behavior for the upper FM electrode.  
Two GMR spin valve samples were prepared by magnetron sputtering with the 
following layer sequence: SiO2 / Ta(5) / PtMn(25) / CoFe(2) / Ru(0.8) / CoFe(1.5) / Cu(2.5) / 
CoFeB(2) / NiFe(t) / IrMn(8) / Ru(8). Here the numbers correspond to the thicknesses of the 
layers (in nm). The thickness t of the NiFe layer between the amorphous CoFeB and the 
crystalline IrMn was 3.5 nm (sample A) and respectively 6.5 nm (sample B). The different 
thicknesses of the NiFe layers in the two samples will result in different strengths of the 
exchange bias of the upper FM electrode. Because of the limited number of sources in the 
sputtering system, we had to prepare the samples using two sputtering systems, for which the 
vacuum had to be broken. Hence, the seed layer of Ta, the artificial antiferromagnet AAF 
together with the lower FM electrode (PtMn/CoFe/Ru/CoFe), the NM conducting layer of Cu 
which separates the two FM electrodes and the amorphous CoFeB were deposited in the first 
sputtering system. The samples were then removed from the vacuum chamber and transported 
in air to the second sputtering system. Before the deposition of the other layers 
(NiFe/IrMn/Ru) in the second sputtering system, the samples were etched in an Ar plasma 
until 1 nm of CoFeB was removed. This was done in order to ensure a clean and non-oxidized 
surface of the sample before deposition of the next layers. However, in order to compensate 
the thickness of the CoFeB layer (2 nm) we had to deposit an additional 1 nm of CoFeB in the 
second sputtering chamber. Further, the NiFe/IrMn/Ru layers were deposited on top of the  
 
 
 
 
 
 
 
 
 
Fig. 7.15: Schematic presentation of the two-step annealing process which was needed in 
order to induce two orthogonal anisotropy directions in the FM electrodes. 
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CoFeB layer. The last layer of Ru is the cap layer of the resulting GMR samples.  
In order to induce the two orthogonal anisotropy directions of the two FM electrodes 
the samples had to be annealed following a two-step process, illustrated in Fig. 7.15. First the 
anisotropy direction of the lower FM electrode had to be induced by an annealing process at 
270 ºC in an external field of 5 kOe for 2 hours. This relatively long annealing process in a 
high external field is needed for inducing the AFM phase of the PtMn layer (through a phase 
transition) [259,260] and the uniaxial anisotropy of the AAF. The second annealing process 
was performed at 250 ºC for 10 min in an external field of 500 Oe applied in the orthogonal 
in-plane direction relative to the anisotropy direction of the lower FM electrode (see Fig. 
7.15). This annealing process sets the AFM phase of the IrMn layer and induces the uniaxial 
anisotropy in the upper FM electrode. The AFM phase and the anisotropy direction of the 
lower FM electrode are not affected by the second annealing process. This is due to the very 
strong pinning in the AAF which is not affected by the modest annealing parameters needed 
for the upper electrode.  
In order to check if the two orthogonal anisotropy directions of the GMR samples 
were properly induced, we performed magnetization measurements at room temperature using 
an Alternating Gradient Magnetometer (AGM). Figure 7.16 shows typical results of the 
magnetization measurements of the two samples. The direction of the external field during the 
measurements with respect to the expected anisotropy directions of the two FM electrodes 
(lower electrode – CoFe and upper electrode – CoFeB) is shown on the left-hand side of each 
hysteresis loop. Figures 7.16 (a) and (d) show the hysteresis loops of sample A and B, 
respectively, measured in a large magnetic field range so that all the FM layers are saturated 
in the maximum external field. The external field was applied along the anisotropy direction 
of the lower FM electrode. The arrows in Fig. 7.16 (a) show the magnetization directions of 
all the FM layers exhibiting reversals during the hysteresis cycle.  At large positive magnetic 
fields all the FM layers (the top FM electrode of CoFeB/NiFe, the lower FM electrode of 
CoFe and the lowest FM layer of CoFe of the AAF) are oriented in the direction of the 
magnetic field. Upon decreasing the magnitude of the external field, the lower FM electrode 
of CoFe starts to rotate and to align anti-parallel with respect to the external field and with 
respect to the other CoFe of the AAF. This is due to the antiferromagnetic interlayer exchange 
coupling through the Ru layer (0.8 nm) which favors an anti-parallel orientation of the two 
CoFe layers in the AAF [261-264]. If the external field is reversed in the negative direction 
the upper FM electrode will rotate from its orthogonal pinning direction towards the magnetic  
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Fig. 7.16: Hysteresis loops of sample A (left-hand side panel) and B (right-hand side panel) 
measured under various conditions. The direction of the external magnetic field applied 
during the measurements with respect to the anisotropy directions of the FM layers  
is shown on each figure. 
 
field direction. Hence, the two FM electrodes are now parallel aligned, as shown again in Fig. 
7.16 (a). With increasing magnitude of the external field in the negative direction the lowest 
CoFe layer which is contact to the AFM PtMn layer will also reverse in the direction of the 
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external field. The exchange bias interaction between this CoFe layer and the AFM PtMn is 
evidenced by the shifted hysteresis loop towards negative fields. The exchange bias field 
between the CoFe layer and the AFM PtMn is larger than 2500 Oe for sample A, proving a 
very good stability against external fields of the lower FM electrode. The hysteresis loop of 
sample B (shown in Fig. 7.16 (d)) is similar to that of the sample A. However, one can see that 
the reversal of the upper FM electrode (at small external fields) gives rise to a larger variation 
of the magnetization of sample B as compared to the sample A. This is due to the thicker NiFe 
layer of sample B (6.5 nm) as compared to sample A (3.5 nm).  
In order to observe how the upper FM electrode reverses we have performed a more 
detailed measurement in the small field range and the results for the two samples are shown in 
Figs. 7.16 (b) and (e). For these measurements the external field was applied along the 
anisotropy direction of the lower FM electrode, similar to the case of the measurements 
shown in Fig. 7.16 (a) and (d). One can recognize a specific hard axis magnetization reversal 
which confirms that the upper FM electrode has an anisotropy direction orthogonal to the 
direction of the external field. This is schematically shown by the arrows in Fig. 7.16 (a) for 
very small external fields. However, a small hysteresis can still be observed which is probably 
due to a slight misalignment between the direction of the induced anisotropy and the direction 
of the external field in which the hysteresis loops were measured. The hysteresis loops 
measured with the magnetic field applied orthogonal to the anisotropy direction of the lower 
FM electrode (Figs 7.16 (c) and (f)) reveal an easy axis magnetization reversal of the upper 
FM electrode, which is exchange biased by the IrMn layer. Despite the asymmetry of the 
hysteresis loop of sample A (Fig. 7.16 (c)) one can conclude that the two-step annealing 
process induces two orthogonal anisotropy directions in the GMR samples. 
Comparing Fig. 7.16 (c) and (f) one can see that the exchange bias field HEB is larger 
for sample B as compared to sample A. This does not agree with the results presented in 
section 7.3 where HEB was found to be larger for the sample with 6.5 nm NiFe between the 
CoFeB and IrMn as compared to the sample with 3.5 nm NiFe. This discrepancy may arrive 
from the deposition process of the two samples. The breaking of vacuum after the deposition 
of the CoFeB layer followed by the etching/re-deposition processes of CoFeB may affect the 
purity, roughness and the magnetic properties of the samples. Moreover, the thicker 
crystalline seed layer (with the AAF) may improve the crystallinity (and hence the exchange 
coupling) of the IrMn layer in the GMR samples as compared to the FM/AFM samples 
studied in section 7.3. However, the hard axis behavior (shown in Fig. 7.16(b) and (e)) is very 
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similar for both samples with a field range of about 230 Oe in which the magnetization varies 
linearly with the external field.  
The resistance measurements of the GMR samples were performed at room 
temperature by using a four point probe setup. In all these measurements the external field 
was applied along the anisotropy direction of the lower FM electrode (and hence orthogonal 
to the anisotropy direction of the upper FM electrode). Figure 7.17 shows the resistance 
measurements of sample A (left-hand side panel) and B (right-hand side panel). On the 
vertical axes ∆R/R0 represents the relative change in the resistance (also called GRM effect).  
 
 
 
Fig. 7.17: Resistance measurements of sample A (left-hand side) and B (right-hand side) as a 
function of the external magnetic field.  The measurements are performed in large magnetic 
fields ((a) and (c)) and in small magnetic fields ((b) and (d)), respectively. The direction of the 
external field with respect to the anisotropy of the FM electrodes is shown for each 
measurement. The arrows in Fig. 7.17 (a) show the magnetization directions of the FM layers 
in the GMR samples in different external fields. 
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For large magnetic fields all the FM layers in the GMR samples are aligned parallel in the 
external field direction (see Fig. 7.17 (a)). If the strength of the external field is reduced, the 
interlayer exchange coupling favors the antiparallel alignment of the two FM layers of the 
AAF. Hence, the two FM electrodes of the GMR sample become aligned antiparallel and 
∆R/R0 increases to a maximum of about 2.15%. The reversal of the external field gives rise to 
the reversal of the upper FM electrode and to a decrease in ∆R/R0.  
The further increase of the external field results in an alignment of the lowest CoFe 
layer (which is in contact to the AFM PtMn) in the field direction. The large values of HEB for 
the FM CoFe layer adjacent to the AFM PtMn layer which were observed from the hysteresis 
loops of Fig. 7.16 are also confirmed by the resistance curves of Fig. 7.17. One can also 
observe that the increase of the thickness of the NiFe layer from 3.5 nm (sample A) to 6.5 nm 
(sample B) does not affect the value of the GMR effect. However, the values of the GMR 
effect are modest, probably due to the non-optimized parameters of the two samples and the 
breaking of vacuum during the preparation of the samples.  
Figures 7.17 (b) and (d) show the minor resistance loops of the two GMR samples. 
One can observe a hard-axis-like behavior of the upper FM electrode as a consequence of its 
orthogonal anisotropy induced by the exchange biasing of CoFeB/NiFe with the AFM IrMn. 
A linear dependence of the resistance with respect to the applied magnetic field can be 
observed in a relatively wide range of magnetic fields (about 250 Oe for sample A and 200 Oe 
for sample B; the solid lines in Fig. 7.17 (b) and (d) approximate the hysteresis loop by a 
linear region). This behavior is advantageous for GMR sensors in applications which require 
linear dependence of resistance on the applied magnetic field.  
One can also observe that the resistance measurements of these two samples are very 
strongly correlated to the magnetization measurements shown in Fig. 7.16. The non-
symmetrical hysteresis loop from Fig. 7.16 (c) might be at the origin of the non-symmetrical 
R(H) loop from Fig. 7.17 (b). Moreover, the strength of HEB in the upper FM electrode 
CoFeB/NiFe/IrMn is proportional to the linear part of the R(H) curve of the two GMR 
samples. Sample B shows a symmetric R(H) curve but the linear part of this curve is smaller 
than that of sample A. Although an apposite situation was expected from the magnetic 
characterizations of the FM/AFM bilayers studied in section 7.3, this result agrees with the 
magnetization measurements shown in Fig. 7.16.  Further optimization of the various 
parameters of the GMR samples (such as deposition of all films in the same vacuum chamber, 
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deposition conditions, thicknesses, etc) might lead to higher GMR values and larger linear 
dependence in R(H) curves.   
 
7.5.3 Magnetic tunnel junctions with two orthogonal anisotropy directions  
 
In this section we extend the study of spin valves with two orthogonal anisotropy 
directions to magnetic tunnel junctions (MTJ). As mentioned in the introductory section 7.5.1 
MTJ have a similar structure as GMR spin valves. However, the conductive layer between the 
two FM electrodes of a GMR spin valve is replaced in an MTJ by an insulating (oxide) layer. 
The resistance for a current which tunnels through insulating barrier depends on the 
conduction electron spin-polarization values of the FM electrodes.  
We have prepared MTJs with the following layer sequence: SiO2 / Ta(5) / PtMn(25) / 
CoFe(2.5) / Ru(0.8) / CoFe(2.0) / MgO(1.5) / CoFeB(2) / NiFe(t) / IrMn(8) / Ru(8). All 
thicknesses are in nm. The thickness t of the NiFe layer between the amorphous CoFeB and 
the crystalline IrMn was 3.5 nm (sample A) and 6.5 nm (sample B) similar to the case of the 
GMR samples. The MgO layer was formed by depositing a 1.5 nm thick Mg layer which was 
oxidized for 80 sec. The two MTJ samples were prepared and annealed under the same 
conditions as the two GMR samples described in previous section 7.5.2. However, in order to 
perform resistance measurements, the MTJ samples had to be patterned so that only the 
resistance of a current passing through the two FM electrodes and tunneling the oxide barrier 
is measured. The patterning process consisted of various processes of optical lithography 
using specific masks to define the shape and the size of the MTJ and the metallic contacts for 
the measurements. MTJs with different sizes between 1x1 µm2 up to 10x10 µm2 were 
prepared. In order to measure the tunneling magnetoresistance effect (TMR) (see section 
7.5.1) we used a four point probe setup. The current was applied at the upper FM electrode 
and after tunneling through the MgO barrier was collected at the lower FM electrode.  
Following a similar measurement procedure as for the GMR samples we have 
measured first the magnetic properties at room temperature of the two MTJ using an 
alternating gradient magnetometer. Fig. 7.18 shows the hysteresis loops of the two MTJ 
samples for different orientations of the external field with respect to the anisotropy directions 
of the two FM electrodes. If the external field is applied along the anisotropy direction of the 
lower FM electrode one can see that the two TMR samples show very similar hysteresis loops 
to the GMR samples (see Figs. 7.18 (a) and (d) and Figs. 7.16 (a) and (d)). The orientation of 
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all FM layers in the TMR samples at different values of the external field is shown in Fig. 
7.18 (a). Moreover, the artificial antiferromagnets AAFs of the two TMR samples posses the 
same layer structure. Hence, one can observe equal values of the exchange bias field HEB 
(between the AFM PtMn and the FM CoFe layer) of the two TMR samples.  
 
 
Fig. 7.18: Hysteresis loops of TMR sample A (left-hand side panel) and B (right-hand side 
panel) measured under various conditions. The direction of the external magnetic field 
applied during the measurements with respect to the anisotropy directions  
of the FM layers is shown on each figure. 
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This value is also the same as the value of HEB of the GMR samples (see Fig. 7.16). The 
thicker NiFe layer of sample B is evidenced by a larger reversal of the magnetization at 
smaller external fields for sample B as compared to sample A. The hysteresis loops measured 
in small external fields oriented along the anisotropy direction of the lower FM electrode are 
shown for the two MTJ samples in Fig. 7.18 (b) and (d). These curves reveal the reversal of 
the upper FM electrode CoFeB/NiFe/IrMn. One can easily recognize a hard-axis-like 
behavior of the magnetization of the upper FM electrode. When the external field is applied 
orthogonal to the anisotropy direction of the lower FM electrode one can observe (Fig. 7.18 
(c) and (f)) that the upper FM electrode of the two MTJ samples show a easy-axis-like 
behavior. Hence, one can conclude that the two orthogonal anisotropies were properly set in 
the two MTJ samples. However, the hysteresis loop of sample A (shown in Fig. 7.18 (c)) is 
asymmetric. This could be due to the possible appearance of secondary FM phases in the 
upper FM electrode (for instance diffusion effects between the CoFeB and NiFe layers) or due 
to a partial magnetic separation between the CoFeB and NiFe layers.   
The exchange bias field between the CoFeB/NiFe/IrMn is larger for sample B (with 
6.5 nm NiFe) as compared to sample A (with 3.5 nm NiFe), as shown in Fig. 7.18 (c) and (f). 
This is agreement with our results for the CoFeB/NiFe/IrMn trilayers studied in section 7.3. 
Moreover, this larger value of HEB of sample B which denotes a strong unidirectional 
anisotropy of the FM CoFeB/NiFe layer gives rise to a larger linear dependence of the 
magnetization with respect to the external field, as shown in Fig. 7.18 (e).  
Resistance measurements of the two MTJ samples at low fields are shown in Fig. 7.19.  
 
 
Fig. 7.19: Resistance measurements of the TMR sample A (a) and B (b) The external field was 
applied along the anisotropy direction of the lower FM electrode.  
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During these measurements the external field was applied along the anisotropy direction of 
the lower FM electrode. Although the magnetoresistance values are modest (TMR effect of 
about 3% for both samples) one can observe for both samples a field range showing a well-
defined linear dependence of magnetoresistance. The range of the external field in which the 
resistance varies linearly is about 170 Oe for the sample A and about 225 Oe for the sample B. 
This large linear behavior of magnetoresistance is advantageous for TMR sensors in 
applications which require linear dependence of resistance on the applied magnetic field. 
Although the range of external fields in which the resistance behaves linearly is almost the 
same for the GMR sample as well as for the MTJ samples (see Fig. 7.19 and Fig. 7.17), the 
linear dependence R(H) of the MTJ samples is better defined as compared to that of the GMR 
samples. However, the linearity of the R(H) curve may be also affected by a possible 
misalignment between the anisotropy direction of the lower FM electrode and the direction of 
the magnetic field applied during the resistance measurements. The MTJ sample B shows the 
most convenient properties for a MR sensor in which the resistance depends linearly with the 
external field.  
 
7.6 Conclusions 
 
In the first part of this chapter, the exchange coupling between the amorphous FM 
CoFeB and the crystalline AFM IrMn is discussed. When the AFM IrMn is deposited on top 
of the FM CoFeB no exchange coupling is observed. The insertion of a thin NiFe layer at the 
interface between the amorphous CoFeB and the crystalline IrMn gives rise to the appearance 
of an exchange coupling of the CoFeB/NiFe/IrMn trilayer. Moreover, the thickness of the 
NiFe layer controls the exchange bias field, the coercive field and the blocking temperature of 
the CoFeB/NiFe/IrMn trilayers. X-Ray diffractometry measurements showed that the 
exchange bias properties of the CoFeB/NiFe/IrMn trilayers are associated with the formation 
of a (111) texture in the AFM phase of the IrMn layer, upon increasing the thickness of the 
NiFe layer. By substituting the NiFe layer in the above EB system by a CoFe layer, no 
exchange coupling was observed.  
A nonmagnetic spacer layer at the NiFe/IrMn interface was found to reduce the 
exchange coupling and the coercive field of the EB system. The exchange bias field decreased 
to zero for thicknesses of the spacer layer (Ru or Cu) larger than 1 nm, reflecting a short-
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range exchange interaction between the FM and the AFM. Moreover, we show that not only 
the exchange bias field and the coercive field but also the blocking temperature decreases 
with the thickness of the spacer layer. This is attributed to the loss of connectivities in the 
AFM lattice (at the FM/AFM interface as well as in the volume of the AFM close to the 
FM/AFM interface) due to the presence and diffusion of the nonmagnetic atoms of the spacer 
layer in the AFM.  
The exchange coupling in the CoFeB/NiFe/IrMn system is used to introduce an 
additional source of anisotropy in spin valve sensors with GMR and TMR. By inducing the 
pinning direction in the upper FM electrode (CoFeB/NiFe/IrMn) of a spin valve in the 
orthogonal direction to the anisotropy direction of the lower (pinned) FM electrode one can 
obtain a spin valve sensor with two in-plane orthogonal anisotropy directions. Hence, by 
aligning the anisotropy direction of the upper FM electrode perpendicular to the magnetic 
field one can obtain a spin valve sensor in which the resistance varies linearly with the 
external field. The resistance of spin valve sensors with GMR and TMR was found to depend 
linearly on the external field over a range of more than 200 Oe. This kind of spin valve sensor 
can be used in different applications which require a linear resistance dependence on the 
external magnetic field.  
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Chapter 8 
Conclusions and further work 
 
This thesis presents and explains the effect of structure, dilution, anisotropy and 
temperature on the exchange bias effect in metallic ferromagnetic/antiferromagnetic 
(FM/AFM) thin films. The exchange bias effect appears at the interface between a FM and an 
AFM when the FM/AFM bilayer is either deposited or cooled below the Néel temperature of 
the AFM, in the presence of a magnetic field. The effect manifests itself in a shifted and 
broadened hysteresis loop of the FM/AFM bilayer along the field axis direction. This is the 
consequence of the unidirectional anisotropy induced in the FM layer which results from the 
exchange coupling across the FM/AFM interface. The exchange bias is used for pinning the 
magnetization of a FM layer in many applications such as spin valves, read heads, magnetic 
random access memories, etc.  
This thesis is organized in 8 chapters. In chapter 1 an introduction of the present thesis 
is given. A review of the existing exchange bias theories from the discovery to the current 
models is given in chapter 2, with the emphasis on the domain state model. This chapter is 
followed by a brief description in chapter 3 of some of the experimental techniques that were 
used. In the subsequent chapters the experimental data and the microscopic simulations 
concerning the exchange bias of metallic FM/AFM bilayers are presented and discussed. 
The central part of the thesis, chapter 4, addresses the domain state model for metallic 
FM/AFM bilayers, both from an experimental and Monte Carlo simulation point of view. 
Experimentally, we tested the domain state model for two metallic systems: NiFe/FeMn and 
CoFe/IrMn. The metallic AFMs FeMn and IrMn have low and intermediate magnetic 
anisotropies, respectively. Lattice matched Cu dilution was used both for FeMn and IrMn. 
Moreover, the AFMs FeMn and IrMn have a polycrystalline structure and Néel temperatures 
above room temperature. These characteristics of the metallic AFMs are different from those 
of the AFM CoO, for which the domain state model was initially proposed. Our experimental 
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results show that the presence of Cu dilution throughout the volume of the AFM gives rise to 
a domain state and to an enhanced exchange bias field, in agreement with the domain state 
model. The enhancement of the exchange bias field upon Cu dilution is observed for the 
NiFe/(FeMn)1-xCux system only at 5 K. On the other hand, the exchange bias field of the 
CoFe/(IrMn)1-xCux bilayers is enhanced in a broad temperature range, from 5 K to 350 K. The 
thermoremanent magnetization of the diluted AFM (without FM in contact) shows 
qualitatively similar dilution and temperature dependencies to those of the exchange bias field 
of the FM/AFM bilayers. These observations are in agreement with the domain state model 
and indicate that the domain state magnetization (equivalent to the experimentally determined 
thermoremanent magnetization) is at the origin of the exchange bias. The domain state model 
is then extended for describing the EB properties of metallic, polycrystalline AFMs with low 
and intermediate anisotropies. For this purpose Monte Carlo simulations were performed 
using a Heisenberg type AFM which accounts for the three-dimensional rotation of the 
magnetic moments. The granular structure of the AFM, the energy barriers upon reversal of 
the AFM moments and the thermal relaxation in the AFM were included in the model in order 
to simulate the AFMs FeMn and IrMn. The adapted domain state model is able to describe the 
exchange bias properties of metallic AFMs. The influence of various parameters, such as 
temperature, dilution, AFM grain size, etc. on exchange bias and thermoremanent 
magnetization is tested within the adapted domain state model. We find a good agreement 
between the experimental data and the Monte Carlo simulations which suggests that the 
domain state model can be successfully applied to metallic, low anisotropy AFMs. Moreover, 
the particular behavior of the coercivity of the exchange biased bilayers is explained within 
this model. A related issue which can be investigated as a further project concerns the 
influence of nonmagnetic dilution in chemically ordered AFMs, such as NiMn or PtMn. 
Studies of ion irradiation induced defects in AFMs revealed an enhanced exchange bias in 
chemically disordered AFMs (such as FeMn). We find a similar result from our work on the 
Cu diluted system NiFe/(FeMn)1-xCux. On the other hand, studies of ion irradiation induced 
defects in chemically ordered AFMs (PtMn) showed that the exchange bias field decreases 
with increasing ion fluence (similar to defect concentration). Hence, it would be interesting to 
test the domain state model for chemically ordered AFMs.  
In chapter 5 the thermally activated reversal and the blocking temperature distribution 
of the AFM grains in CoFe/IrMn bilayers are investigated. It is shown that a proper choice of 
the measurement parameters is very important for performing reliable measurements of the 
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blocking temperature distribution. We also show that the blocking temperature distribution 
measured at 5 K is mainly given by the contribution of the isolated uncompensated moments 
in the AFM. In other words, the contribution to the blocking temperature distribution at 5 K of 
the uncompensated moments strongly coupled to the spin structure of the AFM grains is less 
significant at 5 K as compared to that of the isolated uncompensated moments. This nicely 
confirms the results of our Monte Carlo simulations in chapter 4. There, an estimated value of 
about 10-3 K for the median blocking temperature of the isolated uncompensated moments in 
the AFM (FeMn) was found. This agrees with our experimentally determined blocking 
temperature distribution centered at temperatures lower than 5 K, the lowest temperature 
available in experiments. The influence of the AFM grain size on the blocking temperature 
distribution is also investigated. We found that a FM/AFM bilayer with larger crystalline 
grains has a larger median blocking temperature and a blocking temperature distribution 
shifted towards higher temperatures as compared to that of a FM/AFM bilayer with smaller 
crystalline grains.  
An interesting and novel study of the training effect and the temperature dependence 
of the exchange bias field and coercivity in epitaxial and polycrystalline FM/AFM metallic 
thin films is presented in chapter 6 of this thesis. We show that the training effect of 
NiFe/FeMn bilayers depends on the crystalline structure of the AFM FeMn. The magnitude of 
the training effect is larger for the polycrystalline sample and decreases in magnitude with 
increasing growth quality of the epitaxial bilayers. The vertical shift of the hysteresis loop 
(also referred to as the pinned AFM magnetization) is used to estimate the fraction of pinned 
uncompensated moments per AFM monolayer. We find a very good qualitative agreement 
between the decrease of the fraction of pinned uncompensated moments in an AFM 
monolayer and the decrease of the exchange bias field as a function of the hysteresis cycle 
number. Moreover, we estimate for the first time in the literature the fraction of pinned 
uncompensated moments of an AFM (FeMn) monolayer which is of the same magnitude     
(2-3%) as those determined in the literature for the AFM IrMn and CoO. The exchange bias 
field and the coercive field depend on the crystalline structure of the bilayers. At each 
temperature the exchange bias field of the polycrystalline sample is larger as compared to that 
of the epitaxial samples. On the other hand, at each temperature the coercive field of the 
polycrystalline sample shows the smallest values as compared to the epitaxial samples. The 
results are explained in the framework of the domain state model taking into account the 
quality of the crystal growth and the grain structure of the NiFe/FeMn bilayers.  
 
___________________________________________________________________________ 
 
___________________________________________________________________________ 
 
 - 178 -
Finally, chapter 7 discusses the exchange coupling between an amorphous FM 
(CoFeB) and a crystalline AFM (IrMn) as well as possible applications of this exchange 
coupling to spin valves with two orthogonal anisotropies. When the AFM IrMn is deposited 
on top of the FM CoFeB no exchange coupling is observed. The insertion of a thin NiFe layer 
at the interface between the amorphous CoFeB and the crystalline IrMn gives rise to the 
appearance of an exchange coupling in the CoFeB/NiFe/IrMn trilayer. Moreover, the 
thickness of the NiFe layer controls the exchange bias field, the coercive field and the 
blocking temperature of the CoFeB/NiFe/IrMn trilayers. X-Ray diffractometry measurements 
show that the exchange bias properties of the CoFeB/NiFe/IrMn trilayers are associated with 
the formation of a (111) texture in the AFM phase of the IrMn layer, upon increasing the 
thickness of the NiFe layer. A nonmagnetic spacer layer at the NiFe/IrMn interface is found to 
reduce the exchange coupling and the coercive field of the exchange biased system. The 
exchange bias field decreases to zero for thicknesses of the spacer layer (Ru or Cu) larger than 
1 nm, indicating a short-range exchange interaction between the FM and the AFM. In contrast 
to other studies from literature, we show and explain that the blocking temperature decreases 
with the thickness of the spacer layer. The exchange coupled trilayer CoFeB/NiFe/IrMn is 
used as the upper (“free”) FM electrode of spin valve sensors with either giant 
magnetoresistance or tunnel magnetoresistance. By inducing the pinning direction in the 
upper (“free”) FM electrode in the orthogonal direction to the anisotropy direction of the 
lower (“pinned”) FM electrode one can obtain a spin valve sensor with two in-plane 
orthogonal anisotropy directions. Hence, by aligning the magnetic field perpendicular to the 
anisotropy direction of the upper (“free”) FM electrode one can obtain a spin valve sensor in 
which the resistance varies linearly with the external field. The resistance of the spin valve 
sensors in which we used the exchange coupled trilayers CoFeB/NiFe/IrMn as the upper 
(“free”) electrode was found to depend linearly on the external field over a range of more than 
200 Oe. This kind of spin valve sensor can be used in different applications which require a 
linear resistance dependence on the external magnetic field.  
Many other interesting research topics concerning exchange bias are currently running 
in our research group and will be presented in further PhD theses. For instance, the exchange 
bias of Fe/Cr bilayers with different nonmagnetic dilution in Cr can reveal information about 
the spin-density waves in Cr. The scalability of the exchange bias on the nanometer scale is 
also one of the current research topics in our group. The continuous need for miniaturization 
of electronic devices containing exchange biased bilayers puts a special importance to this 
Chapter 8: Conclusions and further work 
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topic from a fundamental as well as application point of view. Other work concerning 
exchange biasing of diluted magnetic semiconductors is in progress.   
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Summary 
This thesis presents and explains the effect of structure, dilution, anisotropy and 
temperature on the exchange bias effect in metallic ferromagnetic/antiferromagnetic 
(FM/AFM) thin films. The exchange bias effect appears at the interface between a FM and an 
AFM when the FM/AFM bilayer is either deposited or cooled below the Néel temperature of 
the AFM, in the presence of a magnetic field. The effect manifests itself in a shifted and 
broadened hysteresis loop of the FM/AFM bilayer along the field axis direction. This is the 
consequence of the unidirectional anisotropy induced in the FM layer which results from the 
exchange coupling across the FM/AFM interface. Despite intensive research activities in this 
field, many aspects of exchange bias are not yet fully understood. This refers also to the role 
of structure, dilution by nonmagnetic defects, anisotropy and temperature on the exchange 
bias of metallic FM/AFM bilayers. However, the exchange bias is used in many applications 
such as spin valves, read heads, magnetic random access memories, etc, for pinning the 
magnetization of a FM layer in a certain direction. 
The thesis is organized in 8 chapters. First, an introduction is given in chapter 1. This 
is followed in chapter 2 by a review of the existing exchange bias theories from the discovery 
to the current models, with the emphasis on the domain state model. A brief description of 
some of the experimental techniques that were used is given in chapter 3.  
The central part of the thesis, chapter 4, addresses the domain state model for metallic 
FM/AFM bilayers, both from an experimental and Monte Carlo simulation point of view. 
Experimentally, we tested the domain state model for two metallic FM/AFM systems: 
NiFe/FeMn and CoFe/IrMn. The metallic AFMs FeMn and IrMn have low and intermediate 
magnetic anisotropy, respectively, polycrystalline structure, and Néel temperatures above 
room temperature. Lattice matched Cu dilution was used both for FeMn and IrMn. Our 
experimental results showed that the presence of Cu dilution throughout the volume of the 
AFM gives rise to a domain state and to an enhanced exchange bias field. This is in 
agreement with the initially proposed domain state model for high-anisotropy and epitaxial 
AFM CoO. The thermoremanent magnetization of the diluted AFM (without FM in contact) 
showed qualitatively similar dilution and temperature dependencies to those of the exchange 
bias field of the FM/AFM bilayers. These observations are also in agreement with the domain 
state model and indicate that the domain state magnetization is at the origin of exchange bias 
in the systems under consideration. The initially proposed domain state model was extended 
for describing the EB properties of metallic, polycrystalline AFMs with low and intermediate 
anisotropies, such as FeMn and IrMn. For this purpose Monte Carlo simulations were 
performed using a Heisenberg type AFM which accounts for the three-dimensional rotation of 
the magnetic moments. The granular structure of the AFM, the energy barriers upon reversal 
of the AFM moments and the thermal relaxation in the AFM were included in the model. The 
influence of various parameters, such as temperature, dilution, AFM grain size, etc. on 
exchange bias and thermoremanent magnetization was tested within the adapted domain state 
model. We found a good agreement between the experimental data and the Monte Carlo 
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simulations which suggests that the adapted domain state model can be successfully applied 
to metallic, low and intermediate anisotropy AFMs.  
In chapter 5 the thermally activated reversal and the blocking temperature distribution 
in CoFe/IrMn bilayers are investigated. It is shown that the blocking temperature distribution 
measured at 5 K is mainly given by the contribution of the isolated uncompensated moments 
in the AFM. This is in agreement with our Monte Carlo simulations from chapter 4 where an 
average blocking temperature of about 10-2 K was estimated for the isolated uncompensated 
moments in the AFM IrMn. The influence of the AFM grain size on the blocking temperature 
distribution is also investigated. We found that larger crystalline FM/AFM grains give rise to 
a larger median blocking temperature and to a shifted blocking temperature distribution 
towards higher temperatures as compared to that of smaller FM/AFM grains.   
A novel study of the training effect and the temperature dependence of the exchange 
bias field and coercivity in epitaxial and polycrystalline NiFe/FeMn metallic thin films is 
presented in chapter 6 of this thesis. We show that the training effect depends on the 
crystalline structure and epitaxial quality of the AFM FeMn, being larger for the 
polycrystalline sample and decreasing in magnitude with increasing growth quality of the 
epitaxial bilayers. The vertical shift of the hysteresis loop (also referred to as the pinned AFM 
magnetization) is used to estimate the fraction of pinned uncompensated moments per AFM 
monolayer. We find a very good qualitative agreement between the decrease of the fraction of 
pinned uncompensated moments of an AFM monolayer and the decrease of the exchange bias 
field as a function of the hysteresis cycle number. Our estimated maximum values of the 
fraction of pinned uncompensated moments of an AFM FeMn monolayer (2-3%) are in a 
good agreement with those determined in literature for other AFMs. Moreover, the magnitude 
of the exchange bias field and of the coercive field depends strongly on the crystalline 
structure and epitaxial quality of the bilayers.  
In chapter 7 we discuss the exchange coupling between an amorphous FM (CoFeB) 
and a crystalline AFM (IrMn). When show that when the AFM IrMn is deposited on top of 
the FM CoFeB no exchange coupling appears. On insertion of a thin crystalline FM layer of 
NiFe between the amorphous CoFeB and the IrMn, exchange bias appears and it is dependent 
on the thickness of the NiFe layer. Moreover, an enhancement in the blocking temperature of 
the CoFeB/NiFe/IrMn trilayers is observed on increasing the thickness of the NiFe layer.     
X-Ray diffractometry measurements show that these effects are directly correlated with the 
(111) texture in the AFM phase of the IrMn layer, which develops progressively with 
increasing thickness of the NiFe layer. A thin nonmagnetic spacer layer of Cu or Ru at the 
NiFe/IrMn interface is found to reduce the exchange coupling and the coercive field of the 
exchange biased system. The exchange bias field vanishes for nonmagnetic spacers thicker 
than about 1 nm, indicating that exchange bias is a short-range exchange interaction. We also 
show and explain the decrease of blocking temperature with increasing thickness of the 
nonmagnetic spacer. The exchange coupled trilayer CoFeB/NiFe/IrMn is used for inducing an 
additional source of anisotropy in giant magnetoresistance sensors and magnetic tunnel 
junctions, by setting its anisotropy in an orthogonal direction with respect to that of the pinned 
FM layer. We show that the resistance of such a device depends linearly with the external 
field over a range of more than 200 Oe. This characteristic could be beneficial in different 
applications which require a linear resistance dependence on the external magnetic field.  
In chapter 8 the main conclusions of the thesis and some suggestions for further work 
are presented.  
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